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Executive Summary

Methane gas is a valuable energy resource and the leading anthropogenic contributor to global warming after car-
bon dioxide. Atmospheric methane concentrations have doubled over the last 200 years and continue to rise, al-
though the rate of increase is slowing (Dlugokencky, et al., 1998). By mass, methane has 21 times the global
warming potential of carbon dioxide over a 100-year time frame. Methane accounts for 10 percent of U.S. green-
house gas emissions (excluding sinks) and reducing these emissions is a key goal of the U.S. Climate Change Ac-
tion Plan (EPA, 1999).

The major sources of anthropogenic methane emissions in the U.S. are landfills, agriculture (livestock enteric fer-
mentation and manure management), natural gas and oil systems, and coal mines. Smaller sources in the U.S. in-
clude rice cultivation, wastewater treatment, and others. Unlike other greenhouse gases, methane can be used to
produce energy since it is the major component (95 percent) of natural gas. Consequently, for many methane
sources, opportunities exist to reduce emissions cost-effectively or at low cost by capturing the methane and using
it as fuel.

This report has two objectives. First, it presents the U.S. Environmental Protection Agency’s (EPAS) baseline
forecast of methane emissions from the major anthropogenic sources in the U.S., and EPASs cost estimates of re-
ducing these emissions. Emission estimates are given for 1990 through 1997 with projections for 2000 to 2020.
The cost analysis is for 2000, 2010, and 2020. Second, this report provides a transparent methodology for the cal-
culation of emission estimates and reduction costs, thereby enabling analysts to replicate these results or use the
approaches described herein to conduct similar analyses for other countries.

Baseline Methane Emission Estimates

EPA estimates annual emissions for 1990 to 1997 and forecasts emissions for 2000, 2010, and 2020. In 1990, the
U.S. emitted 169.9 million metric tons of carbon equivalent (MMTCE) or 29.7 Teragrams (Tg) of methane. By
1997, estimated methane emissions were slightly higher at 179.6 MMTCE (31.4 Tg) (EPA, 1999). The baseline
U.S. methane emission forecast for 2010 is 186.0 MMTCE (32.5 Tg) which is almost a ten percent increase over
the 1990 levels. However, this forecast excludes the expected reductions associated with U.S. voluntary programs.
When these programs are taken into account, methane emissions are expected to remain at or below 1990 levels
through 2020. Exhibit ES-1 shows current methane emissions and projections by industry.

Exhibit ES-1: U.S. Methane Emissions (MMTCE)

Source Breakdown of 1997 U.S. Methane Emissions Source Breakdown of Baseline Forecast Emissions
MMTCE @ | Tg
21 GWP CH,

Enteric
. 200 —+ 35
Fermentation 19% «— Other

Landfills 37% 172 L 30

. .4— Enteric Fermentation
Manure 10% 143 + 25 -

«— Livestock Manure

115 20 o
Coal 10% - - .4— Coal Mining
-+ 15

86

Other 4% '
’ Natural Gas and Oil 20% 57 1 10 <+— Natural Gas and Ol

Total = 179.6 MMTCE 215 « Landfills

Source: EPA, 1999. o

1990 2000 2010 2020
Year
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To estimate historic and future emissions, EPA char- ground mines use ventilation systems to dilute it
acterizes the source industries in detail and identifies and additional techniques to recover it during or in
the specific processes within those industries that pro- advance of mining. In 1990, coal mine methane
duce emissions. Forecasts are based on a consistent emissions were estimated at 24.0 MMTCE (4.2
set of industry factors, e.g., consumption, prices, tech- Tg). By 1997, emissions fell to 18.8 MMTCE

nological change, and infrastructure makeup. The (3.3 Tg) mainly due to reduced coal production at
major emission sources are outlined below. “gassy” mines and increased methane recovery

» Landfills. The largest source (accounting for 37 (EPA, 1999). Baseline methane emissions reach

ES-2

percent) of U.S. anthropogenic methane emis-
sions, landfills generate methane during anaerobic
decomposition of organic waste. In 1990, landfills
generated 56.2 MMTCE (9.8 Tg) of methane,
which increased to 66.7 MMTCE (11.6 Tg) by
1997 (EPA, 1999). Baseline emissions are ex-
pected to decrease to 52.0 MMTCE (9.1 Tg) in
2010, due to the Clean Air Act New Source Per>
formance Standards and Emissions Guidelines
(Landfill Rule). The Landfill Rule requires the
nation’s largest landfills to reduce emissions of
non-methane organic compounds and results in a
simultaneous reduction in methane emissions.
The principal technologies for reducing emissions
from landfills involve collecting methane and us-
ing it as fuel for electric power generation or for
sale to nearby industrial users.

Natural Gas Systems. Emissions of methane
occur throughout the natural gas system from
leaks and venting of gas during normal operations,
maintenance, and system upsets. In 1990, meth-
ane emissions from the U.S. natural gas system
totaled about 32.9 MMTCE (5.7 Tg), and by 1997
methane emissions were estimated at 33.%
MMTCE (5.8 Tg) (EPA, 1999). EPA expects
emissions to increase as natural gas consumption
increases, although at a lower rate than gas con-
sumption growth. Baseline emissions reach 37.9
MMTCE (6.6 Tg) in 2010. Improved manage-
ment practices and technologies can reduce leaks
or avoid venting of methane from all parts of the
natural gas system.

Coal Mining. Methane and coal are formed to-
gether by geological forces during coalification.
As coal is mined, the methane is released. Be-
cause methane is hazardous to miners, under-

28.0 MMTCE (4.9 Tg) by 2010 due to growth in
coal mining from deep mines. The major tech-
nologies for reducing emissions include recovery
and sale to pipelines, use for power generation, or
on-site use. Catalytic oxidation of methane in
ventilation air may also be undertaken to reduce
emissions.

Livestock Manure Management. Methane is
produced during the anaerobic decomposition of
livestock manure. The major sources of U.S. live-
stock manure methane include large dairy and
cattle operations and hog farms that use liquid
manure management systems. In 1990, livestock
manure emitted about 14.9 MMTCE (2.6 Tg) of
methane. Emissions from this source increased to
17.0 MMTCE (3.0 Tg) by 1997 (EPA, 1999).
Baseline emissions reach 22.3 MMTCE (3.9 Tg)
in 2010 due to animal population growth driven
by increases in total meat and dairy product con-
sumption and increasing use of liquid waste man-
agement systems that produce methane. Existing
cost-effective technologies can be used to recover
this methane to produce energy.

Enteric Fermentation. Methane emissions from
livestock enteric fermentation were 32.7 MMTCE
(5.7 Tg) in 1990 and 34.1 MMTCE (6.0 Tg) in
1997 (EPA, 1999). Baseline methane emissions
reach 37.7 MMTCE (6.6 Tg) by 2020 due to in-
creased domestic and international demand for
U.S. livestock products. Emissions can be re-
duced through the application of improved man-
agement practices. The cost-effectiveness of these
practices has not been guantified as part of this
analysis, however.

U.S. Methane Emissions 1990-2020: Inventories, Projections, and Opportunities for Reductions



Costs of Reducing Emissions

This report presents the results of extensive benefit-
cost analyses conducted on the opportunities (tecly-
nologies and management practices) to reduce meth-
ane emissions from four of the five major U.S.
sources:
and livestock manure. To date, most economic analy-
ses of U.S. greenhouse gas (GHG) emission reductions
have focused on energy-related carbon emissions since
carbon dioxide (C¢) currently accounts for about 82
percent of the total U.S. GHG emissions (weighted by
100-year global warming potentials) (EPA, 1999). The
cost estimates for reducing methane emissions pre-
sented in this report can be integrated into economic
analyses to produce more comprehensive assessments pe avoided cost-effectively, based on the value of
of total GHG reductions. By including methane emis-
sion reductions, the overall cost of reducing GHG
emissions in the U.S. is reduced. At increasing values
for emission reductions, in terms of dollars per metric
ton of carbon equivalent ($/TCE), more costly,CO
reductions can be substituted by lower cost methane
reductions, when available, thereby lowering the mar-
ginal cost and the total cost of a particular GHG emis-
sion reduction level.

landfills, natural gas systems, coal mining,

The cost analysis is conducted for the years 2006,
2010, and 2020. All values are in 1996 constant dol-

lars. Results for the source-specific analyses are sum-
marized below.

» Landfills. The cost analysis focuses on technolo-

gies for recovering and using landfill methane for
energy. Two options are evaluated: use of landfill
methane for electricity generation and as a fuel for
direct use by a nearby end-user. After accounting
for emission reductions due to the Landfill Rule,
at $0/TCE, about 21 percent of baseline emissions
from landfills could be captured and used cost-
effectively in 2000. Cost-effective reductions de-
crease slightly to 20 percent, at $0/TCE, in 2010,
in part reflecting greater coverage of total emis-
sions by the Landfill Rule. At $30/TCE, emis-
sions could be reduced by 38 percent from thg.
baseline in 2000, and by 41 percent in 2010.
Emission reductions approach their maximum at
$100/TCE in 2000, and $40/TCE in 2010. EPA

U.S. Environmental Protection Agency - September 1999

projects the incremental benefits of higher values
for carbon equivalent to be slightly smaller in
2020 due to the Landfill Rule.

Natural Gas Systems. Cost curves for reducing
methane emissions from natural gas systems are
based on technologies and practices for reducing
leaks and venting of natural gas in the natural gas
system. EPA evaluates 118 technologies and
practices that have been identified by the gas in-
dustry in conjunction with EPAs Natural Gas
STAR Program. EPAs analysis assesses the cost-
effectiveness of each technology and practice
based on the value of methane as natural gas. In
2000, 2010, and 2020, about 30 percent of the
projected emissions from natural gas systems can

the saved methane. When a value of $30/TCE for
avoided emissions is added to the market price for
gas, about 35 percent of the emissions can be re-
duced. At $100/TCE, about 49 percent of emis-
sions can be reduced. Additional technologies
could likely emerge in this sector to reduce emis-
sions at high values for carbon equivalent, how-
ever, EPA only examines current technologies in
this analysis.

Coal Mining. EPAs analysis for reducing coal
mine methane emissions focuses on recovering
methane from underground mining, which com-
prises 65 percent of the emissions from this
source. Two emission reduction strategies are
analyzed: recovering methane from mines for sale
as natural gas and using new catalytic oxidation
technologies. The results suggest that in 2010, 37
percent of emissions from coal mines can be cost-
effectively reduced at energy market prices, or
$O/TCE. Up to 71 percent of emissions can be re-
duced at $30/TCE, which represents essentially all
of the technically recoverable methane from this
source. In 2020, the same pattern exists with 41
percent recoverable at $0/TCE and 71 percent re-
coverable at $30/TCE.

Livestock Manure Management. Cost curves
for reducing methane emissions from livestock
manure are based on recovering and utilizing

Executive Summary  ES-3



methane produced at dairies and swine farm$ion values, more methane reductions could be
EPAs analysis focuses on anaerobic digestioachieved. For example, EPAs analysis indicates that
technologies (including covered and complete mixvith a value of $20/TCE for abated methane added to
digesters) that capture methane for use on-site tbe energy market price, U.S. reductions could reach
generate electricity. At current energy pricesh0.3 MMTCE (8.8 Tg) in 2010.

emissions from livestock manure could be re; :
EPA also constructs marginal abatement curves

duced by 14 percent in 2000 and 2010. Em'SS'OfMACs) for each of the four sources along with an

reductions increase slightly to 15 percent in 2020 S ; 0
aggregate curve for 2010 which is shown in Exhibit
With an additional $30/TCE, emission reductions.lrézg g

h 30 tin 2000. 31 tin 2010 S-3. In order to properly construct the MAC for
reac percent in » o1 PEICentin 2915, a%h10, a discount rate of eight percent is equally applied
32 percent in 2020. At $100/TCE, emissions cal

_ o all sourced. MACs are derived by rank-ordering
be rgduced by about 63 perpent in 2000, 65 Pelrdividual opportunities by cost per emission reduction
centin 2010, and 67 percent in 2020. amount. Methane values and marginal costs are de-

» Enteric Fermentation. Emissions from livestock nominated in both energy values (natural gas and elec-
enteric fermentation can be reduced through erricity prices) and emission reduction values in terms
hanced feeding and animal management teclof $/TCE. On the MACs, energy market prices are
niques. The costs and cost-effectiveness of thesdigned to $0/TCE, where no additional price signals
reductions have not been quantified for this reportfrom emission reduction values exist to motivate re-

diHctions. At and below $0/TCE, all emission reduc-

The aggregate results of the analysis are presented

two ways. Exhibit ES-2 summarizes potential redu C‘gons are due to increased efficiencies, conservation of

: . . ethane, or both. As a value is placed on methane
tions across all sources at various carbon equwalem ' P

values. These reductions are the summation of sourc%I1ISSI0n reductions in terms of $frCE, these values
re added to the energy market prices and allow for

specific results where different discount rates are afi‘- dditional reducii o clear th ket Anv “bel
plied to each source: 8 percent for landfills, 20 percerﬂ rional Teductions o ciear the market. Any below-

for natural gas systems, 15 percent for coal mininéhe_lmen reQuctlon ampunt_s, with respect.to SOTTCE,
and 10 percent for livestock manure management. F(ﬂ{gstrate this .du.al prlce-silgnal market, i.e., energy
2010, EPA estimates that up to 34.8 MMTCE (6.1 Tgf"'ceS and emission reduction values.

of reductions are possible at energy market prices dthe aggregate U.S. MAC for 2010 in Exhibit ES-3
$O/TCE. Consequently, methane emissions could biustrates the following key findings. First, substantial
reduced below 1990 emissions of 169.9 MMTCEemission reductions, 36.8 MMTCE (6.4 Tg), can be
(29.7 Tg) if many of the identified opportunities areachieved at energy market prices with no additional
thoroughly implemented. At higher emission reducemission reduction values ($0/TCE). Second, at

Exhibit ES-2: U.S. Baseline Emissions and Potential Reductions (source-specific discount rates) (MMTCE)

MMTCE Tg 2000 2010 2020

@21GWP CH, Cost-Effective Reductions Baseline Emissions 173.9 186.0 183.7
200135  Baseline Emissions Cumulative Reductions

172130 Emission Levels at at $0/TCE 30.8 348 35.0

Different $/TCE at $10/TCE 36.4 423 40.9

143425 e BN $0 at $20/TCE 417 50.3 474

$20 at $30/TCE 54.6 61.7 58.7

115-1-20 e S E— $50 at $40/TCE 56.2 63.5 61.0

$100 at $50/TCE 59.5 66.9 64.8

8615 $200 at $75/TCE 64.3 71.9 70.7

57 at $100/TCE 67.2 74.9 74.0

Remaining Emissions at $125/TCE 68.4 76.2 75.5

29 at $150/TCE 68.7 76.5 75.9

at $175/TCE 69.0 76.8 76.2

0 1990 2000 2010 2020 atl$_200/TC_E _ 69.2 77.0 76.5

Year Remaining Emissions 104.7 108.9 107.2
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Exhibit ES-3: Marginal Abatement Curve for U.S. Methane Emissions in 2010 (at an 8 percent discount rate)

$250

$200 4 - - - - - Ll Lol
Observed Data
$150 1 - . oA

$100 | - - -
45

$/ TCE=30g102MMTCE — 60

($/MMBtu or $/kWh)

$50

Increasing Energy Prices

$0

Market Price

Value of Carbon Equivalent (1996 $/TCE)

($50) T T T T T T T
0 10 20 30 40 50 60 70 80

Abated Methane (MMTCE)

$20/TCE and $50/TCE total estimated reductions ardowever, EPA expects that approximately 50 per-
52.6 MMTCE (9.2 Tg) and 70.0 MMTCE (12.2 Tg), cent of the reductions available in 2010 at $0/TCE
respectively. Third, at $100/TCE, total achievablewill be captured by these programs. These pro-
reductions are estimated at 75.5 MMTCE (13.2 Tggrams have reduced emissions by 8 MMTCE in
Finally, above $100/TCE, the MAC becomes inelastic1998 and are expected to reduce emissions by 12
that is, non-responsive to increasing methane valuggMTCE in 2000, and 20 MMTCE in 2010.

This inelasticity indicates the limits of the options con-

sidered. The magnitude of the cost-effective and

low-cost reductions reflects methane’s value as an

energy source and emphasizes that many proven

technologies can be used to recover it. For several

sources, the inelastic section of the curve at the

higher end of the cost range indicates a limitation

of the analysis, namely that only available tech-

nologies are assessed. Additional technologies

may become available to reduce methane emis-

sions at these prices; however, EPA has not yet

assessed this possibility.

EPA has developed a number of voluntary pro-
grams as part of the Climate Change Action Plan
(CCAP) to overcome market barriers and encour-
age cost-effective methane recovery projects. In
this report, the emission reductions associated
with these CCAP programs have not been sub-
tracted from the baseline emission projections.
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Endnotes

Y In the construction of a national or aggregate marginal abatement curve, a single discount rate is applied to all
sources in order to equally evaluate various options. Given a particular value for abated methane, all options up to
and including that value can be cost-effectively implemented. An eight percent discount rate, the lowest in the
range of the source-specific rates (8 to 20 percent), is used since it is closer to social discount rates employed in na-
tional level analyses. The results from the single, eight percent discount rate analysis are slightly higher than the
results where source-specific discount rates are used because a lower discount rate reduces project costs enabling
additional reductions.
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1. Introduction and Aggregate Results

Introduction

This report has two objectives. First, it presents the U.S. Environmental Protection Agency’s (EPAS) baseline
forecast of methane emissions from the major anthropogenic sources in the U.S., and EPASs cost estimates of re-
ducing these emissions. Emission estimates are given for 1990 through 1997 with projections for 2000 to 2020.
The cost analysis is for 2000, 2010, and 2020. Second, this report provides a transparent methodology for the cal-
culation of emission estimates and reduction costs, thereby enabling analysts to replicate these results or use the
approaches described herein to conduct similar analyses for other countries.

The information presented in this report can be used in several ways. The emission estimates and forecasts repre-
sent the most up-to-date estimates of methane emissions in the U.S.; thus, this report replaces and expands upon
EPAs Anthropogenic Methane Emissions in the United States, Estimates for 1990, Report to Ct38Ba3s

As such, this report can be used where estimates of future emissions are required. The report also summarizes the
state of knowledge on methane emissions from the major anthropogenic sources.

While the emission estimations are refinements of earlier approaches, the cost analyses presented in this report
represent a major contribution to the literature on mitigating emissions. To date, most economic analyses of
greenhouse gas (GHG) emission reductions have focused on the energy-related carbon emissions since carbon
dioxide (CQ) currently accounts for about 82 percent of the total U.S. emissions (weighted by 100-year global
warming potentials) (EPA, 1999). The cost-estimates for reducing methane emissions presented in this report can
be integrated into economic analyses to produce more comprehensive assessments of total GHG reductions. By
including methane emission reductions, the overall cost of reducing GHG emissions in the U.S. is reduced. At
increasing values for emission reductions, more costlyr@fictions can be substituted by lower cost methane
reductions, when available, thereby lowering the marginal cost and the total cost of a particular GHG emission
reduction level.

The marginal abatement curves (MACSs) developed in this report can be used to estimate possible emission reduc-
tions at various prices for carbon equivalent emissions or conversely, the costs of achieving certain amounts of
reductions. EPA recognizes that the cost analyses will change with the introduction of new technologies and addi-
tional research into methane emission abatement technologies. Other countries, nevertheless, can use the cost
analyses presented in this report as the basis for estimating emission reduction costs.

1.0 Overview of Methane dioxide. As illustrated in Exhibit 1-1, methane ac-
EMmissi counts for 17 percent of the enhanced greenhouse ef-
mISSIons fect (IPCC, 19964).

Next to carbon dioxide, methane is the second largegiver the last two centuries, methane’s concentration in
contributor to global warming among anthropogenidhe atmosphere has more than doubled from about 700
greenhouse gases. Methane’s overall contribution fearts per billion by volume (ppbv) in pre-industrial
global warming is significant because, over a 100-yedimes to 1,730 ppbv in 1997 (IPCC, 1996a). Exhibit
time frame, it is estimated to be 21 times more effecl-1 illustrates this trend. Scientists believe these at-
tive at trapping heat in the atmosphere than carbghospheric increases are largely due to increasing
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Exhibit 1-1: Global Enhanced Greenhouse Effect and Methane Concentrations

Contribution of Anthropogenic Gases to Enhanced Historical Global Atmospheric Methane Concentrations
Greenhouse Effect Since Pre-Industrial Times
(measured in Watts/m?)

Methane 17%

2,000T
1,7507
1,500

1,2507

Carbon Tropospheric O; 14%

Dioxide 55% 1,0007

750 .

Methane Concentration (ppbv)

CFCs, HFCs 9% 500 T

N,O 5%

PFCs, SF;<1% 250 T

0 t | } |
Total = 2.85 Watts/m2 1800 1850 1900 1950 2000
Source: IPCC, 1996a. Year

Source: Boden, et al., 1994; Dlugokencky, et al., 1998.

emissions from anthropogenic sources. Although a® O Sources of Methane
mospheric methane concentrations continue to rise, the Emissions

rate of increase appears to have slowed since the
1980s. |If present trends continue, however, atmoi;I

pheric methane concentrations will reach 1,800 ppbv ethane is emitted |nto.the atmosphere from both
by 2020 (Dlugokencky, et al., 1998) natural and anthropogenic sources. Natural sources

include wetlands, tundra, bogs, swamps, termites,
Atmospheric methane is reduced naturally by sinkswildfires, methane hydrates, and oceans and fresh-
Natural sinks are removal mechanisms and the greategéters. Anthropogenic sources include landfills, natu-
sink for atmospheric methane (glis through a reac- ral gas and oil production and processing, coal mining,
tion with naturally-occurring tropospheric hydroxyl agriculture (livestock enteric fermentation and live-
(OH)? Methane combines with OH to form water stock manure management, and rice cultivation), and
vapor (HO) and carbon monoxide (CO), which in turnvarious other sources. By 1990, anthropogenic
is converted into carbon dioxide (€O Atmospheric  sources accounted for 70 percent of total global meth-
methane, nevertheless, has a clearly defined chemiegle emissions (EPA, 1993a; IPCC, 1996a). This sec-
feedback that decreases the effectiveness of the hjon summarizes the natural and anthropogenic sources
droxyl sink. As methane concentrations rise, less hysf methane.
droxyl is available to break down methane, producing
longer atmospheric methane lifetimes and highe2.1 Natural Methane Emissions
methane concentrations (IPCC, 1996a). In 1990, worldwide natural sources emitted 916 mil-
On average, the atmospheric lifetime for a methanIIon metric tons of carbon eqqulent (MMTCE,) or
60 Teragrams (Tg) of methane into the atmosphere,

molecule is 12.2 years (+ 3 years) before a natural sin

consumes it (IPCC, 1996a). This relatively short life 2" aboutt 30 percent of the total methane emissions

time makes methane an excellent candidate for mitﬂPCC’ 1996a). The leading natural methane sources

) . . . are described below in descending order of their con-
gating the impacts of global warming because emis-

sion reductions could lead to stabilization or reductiorﬁ”bu'[Ion to emissions (see Exhibit 1-2).
in methane concentrations within 10 to 20 years. Wetlands. Methane is generated by anaerobic (oxy-
gen poor) bacterial decomposition of plant material in

wetlands. Natural wetlands emit about 659 MMTCE
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Exhibit 1-2: Worldwide Natural and Anthropogenic Methane Emissions in 1990

Anthropogenic (70%) Natural (30%)

Other 4%
Livestock Manure 7%

Termites 13%
Enteric Fermentation 23%
Domestic Sewage 7%
Oceans 6%

Coal 8%
Other 9%

Landfills 11% Rice Paddies 16%

Biomass Burning 11% Wetlands 72%

Natural Gas and Oil 15%

Total = 2,150 MMTCE Total = 916 MMTCE

World Total = 3,066 MMTCE
Source: IPCC, 1995 and 1996a.

(115 Tg) of methane per year, which is 72 percent afeforestation for agriculture, than by climate change.
natural emissions and 20 percent of total global metffermites emit an estimated 115 MMTCE (20 Tg) of
ane emissions (IPCC, 1995). Methane emissions fromethane each year (IPCC, 1995).

wetlands I\;VI"f proba:blytln(;:rease Wk')t,h gl'obalb'vvlarmtl'ngOCeanS and Freshwaters The surface waters of the
as a result of accelerated anaerobic microbial activie ¢ oceans and freshwaters are slightly supersatu-

In addition, climate change models predict increase ted with methane relative to the atmosphere and

precipitation as global temperatures rise, which coul erefore emit an estimated 57 MMTCE (10 Tg) of

create more wetlands (EPA, 1993b). Tropical Wetfnethan e each year (IPCC, 1995). The origin of the
lands (between 20° N and 30° S) represent 17 perc

. e(ﬂlésolved methane is not known. In coastal regions it
of total wetland area and 60 percent of emissions fromay come from sediments and drainage. It also has

wetlands. These relatively high emissions are due. %)een suggested that methane is generated in the an-

higher temperatures, more precipitation and more "Nerobic gastrointestinal tracts of marine zooplankton

tense solar radiation, which encourage higher IOIar5fnd fish (EPA, 1993b). Methane in freshwaters can
growth and decomposition rates (EPA, 1993b). ’

result from the decomposition of wetland plants. (In
Northern Wetlands (those above 45° N) are usuallihis report, methane emissions from freshwaters are
underlain with near-surface permafrost that preventiscluded in the estimates for wetlands.) As atmos-
soil drainage and creates wetland conditions. Northeheric methane concentrations increase, the proportion
wetlands represent nearly 80 percent of the wetlaraf methane supersaturated in oceans and freshwaters
area and 35 percent of methane emissions from waetill decline relative to the atmospheric concentrations
lands (EPA, 1993b). of methane, assuming that the methane concentration

Termites. Microbes within the digestive systems ofIn oceans and freshwaters remains constant.

termites break down cellulose, and this process pr@sas Hydrates Methane is trapped in gas hydrates,
duces methane. Emissions from this source depend which are dense combinations of methane and ice lo-
termite population, amounts of organic material coneated deep underground and beneath the ocean floor.
sumed, species, and the activity of methane-oxidizinBecent estimates of hydrates suggest that around 44
bacteria. While more research is needed, some expdilion MMTCE (7.7 billion Tg) of methane is trapped
believe that future trends in termite emissions are mora both oceanic and continental gas hydrates (DOE,
influenced by anthropogenic changes in land use, i.1998). Scientists agree that increasing temperatures
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will eventually destabilize many gas hydrates, but arstock enteric fermentation and rice production. By

unsure about the timing and the amount of methareontrast, in the U.S., the two leading sources of meth-
emissions that would be released from the deeply buene emissions are landfills and natural gas and oil sys-
ied hydrates (EPA, 1993b). tems (see Exhibit 1-3). In 1997, the U.S. emitted 179.6

Permafrost Small amounts of methane are trapped iNMTCE (31.4 Tg) of methane, about 10 percent of

permafrost, which consists of permanently frozen soﬁ]IObaI methane emissions for that year (EPA, 1999).

and ice. (To be classified as permafrost, the ice ar;r e US. is the fourth-largest methane emitter after

soil mixture must remain at or below 0° Celsius yearg ina, Russia, and India (EPA, 1994).
round for at least two consecutive years.) Due to thEénteric Fermentation. Ruminant livestock emit

large amount of existing permafrost, the total amouninethane as part of their normal digestive process,
of methane stored in this form could be quite highduring which microbes break down plant material con-
possibly several thousand Tg (EPA, 1993b). Thisumed by the animal into material the animal can use.
methane is released when permafrost melts. Howevédethane is produced as a by-product of this digestive
no estimates have been made for current emissiopsocess, and is expelled by the animal. In the U.S.,
from this source. cattle emit about 96 percent of the methane from live-
stock enteric fermentation. In 1994, livestock enteric

Wildfires. Wildfires are primarily caused by lightning ; i duced 490 MMTCE (85 Ta) of meth
and release a number of greenhouse gases, includifig e auon produce ( g) of meth-

methane which is a product of incomplete combustiorf © , worldwide (IPCC, 199,5)' W,'th the §m|35|ons
However, no estimates are available for methane emi 9m|ng from the former SO_V iet Union, Brazil, ar?d !n-
sions from this source. ia (EPA, 1994). EPA estimates that U.S. emissions
from this source were 34.1 MMTCE (6.0 Tg) in 1997

(EPA, 1999). Under EPAs baseline forecast, livestock
enteric fermentation emissions in the U.S. will increase
to about 37.7 MMTCE (6.6 Tg) by 2020 (Exhibit 1-4).

Methane emissions from anthropogenic Sources agne projected increase is due to greater consumption
count for 70 percent of all methane emissions and @ meat and dairy products.

taled 2,150 MMTCE (375 Tg) worldwide in 1990 _ o o
(IPCC, 1996a). The leading global anthropogeniB'Ce Paddies Most of the world’s rice, including rice
methane sources are described below in descendifigthe United States, is grown on flooded fields where
order of magnitude. The two leading sources of arrganic matter in the soil decomposes under anaerobic

thropogenic methane emissions worldwide are liveconditions and produces methane. The U.S. is not a

2.2 Anthropogenic Methane
Emissions

Exhibit 1-3: U.S. Methane Emissions

U.S. Greenhouse Gas Emissions in 1997 Source Breakdown of 1997 U.S. Methane Emissions
Weighted by Global Warming Potential

Methane 10% )
Enteric

Nitrous Oxide 6% Fermentation 19%
HFCs, PFCs, SF; 2% Landfills 37%
Livestock
Manure 10%
Coal 10%
Other 4% .
Carbon Dioxide 82% Natural Gas and Oil 20%
Total = 1,814 MMTCE Total = 179.6 MMTCE
Source: EPA, 1999. Source: EPA, 1999.
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Exhibit 1-4: Baseline Methane Emissions in the United States (MMTCE)

Source 19902 1997a 2000 2010 2020
Landfills 56.2 66.7 51.4 52.0 411
Natural Gas Systems 32.9 335 35.6 37.9 38.8
Oil Systems 1.6 1.6 1.6 1.6 17
Coal Mining 24.0 18.8 23.9 28.0 30.4
Livestock Manure Management 14.9 17.0 18.4 22.3 26.4
Enteric Fermentation 32.7 34.1 352 36.6 37.7
Other? 7.3 7.4 7.8 7.6 7.6
Total 169.9 179.6 173.9 186.0 183.7

a Source: EPA, 1999.
b These estimates developed by EPA for the 1997 Climate Action Report (DOS, 1997).
Totals may not sum due to independent rounding.

major producer of rice and therefore emits little methburning produced 230 MMTCE (40 Tg) of methane
ane from this source. Worldwide emissions of methworldwide (IPCC, 1995). EPA estimates that U.S.
ane from rice paddies were 345 MMTCE (60 Tg) inemissions from this source were 0.2 MMTCE (0.03
1994 (IPCC, 1995), with the highest emissions comindg) in 1997 and that emissions will remain stable
from China, India, and Indonesia (EPA, 1994). EPAhrough 2020 (EPA, 1999).

estimates U.S. emssmns from  this sour'ce' at 2'IZandfiIIs. Landfill methane is produced when organic
MMT_C E 05 T 9) in 1997 and expects emissions tomaterials are decomposed by bacteria under anaerobic
remain stable in the future (EPA, 1999). conditions. In 1994, landfills produced 230 MMTCE
Natural Gas and Oil Systems Methane is the major (40 Tg) of methane worldwide (IPCC, 1995). EPA
component (95 percent) of natural gas. During proestimates that U.S. emissions from this source were
duction, processing, transmission, and distribution d86.7 MMTCE (11.6 Tg) in 1997 (EPA, 1999). The
natural gas, methane is emitted from system leakbaseline forecast is 41.1 MMTCE (7.2 Tg) from U.S.
deliberate venting, and system upsets (accidentdqndfills in 2020 (Exhibit 1-4). Landfill methane is the
Since natural gas is often found in conjunction withonly U.S. source that is expected to decline in the
petroleum, crude petroleum gathering and storadeaseline over the forecast period. This decline is due
systems are also a source of methane emissions. ténthe implementation of the New Source Performance
1994, natural gas systems worldwide emitted 23@tandards and Emissions Guidelines (the Landfill
MMTCE (40 Tg) of methane and oil systems emittedRule) under the Clean Air Act (March 1996). While
85 MMTCE (15 Tg) of methane (IPCC, 1995). EPAthe Landfill Rule controls greenhouse gas emissions
estimates that 1997 U.S. emissions were 33.Mhat form tropospheric ozone (smog), it also will lead
MMTCE (5.8 Tg) from natural gas systems and 1.6o lower methane emissions. The Landfill Rule re-
MMTCE (0.27 Tg) from oil systems (EPA, 1999). quires large landfills to collect and combust or use
EPA expects emissions from oil systems to remaifandfill gas emissions.

near 1997 levels through 2020. The baseline emissi@oaI Mining. Methane is trapped within coal seams

forecast is 38.8 MMTCE (6.8 Tg) from natural 9385;5nd the surrounding rock strata and is released during

systems in 2020 (Exhibit 1-4). The increase resu“éoal mining. Because methane is explosive in low

frp m higher consumption of natural gas and exloan(Eoncentrations, underground mines install ventilation
sions of the natural gas system.

systems to vent methane directly to the atmosphere. In
Biomass Burning Biomass burning releases green-1994, coal mining produced 170 MMTCE (30 Tg) of
house gases, including methane, but is not a majanethane worldwide (IPCC, 1995). EPA estimates that
source of U.S. methane emissions. In 1994, bioma&sS. emissions from this source were 18.8 MMTCE
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(3.3 Tg) in 1997 (EPA, 1999). EPASs baseline estimatpays for the costs of recovery and also can be cost-
indicates that emissions from coal mines could reackiffective even without accounting for the broader so-
30.4 MMTCE (5.3 Tg) by 2020 (Exhibit 1-4). The cial benefits of reducing greenhouse gases (GHG).

increase results from greater coal production fronéeginning in the early 1990s, EPA launched five vol-

deep mines. untary programs to promote cost-effective methane
Domestic Sewage The decomposition of domestic emission reductions:

sewage in anaerobic conditions produces methang. AgSTAR Program — works with livestock
Domestic sewage is not a major source of methane producers to encourage methane recovery
emissions in the U.S., where it is collected and proc-  from animal waste:

essed mainly in aerobic (oxygen rich) treatment plants.
In 1994, domestic sewage produced 145 MMTCE (2
Tg) of methane worldwide (IPCC, 1995). EPA esti-
mates that emissions from sewage in the U.S. were 0.9
MMTCE (0.2 Tg) in 1997 and expects emissions to _
increase only slightly by 2020 (EPA, 1999). This in-> Landfill Methane Outreach Program (LMOP)

crease will be due primarily to population increases. — Works W|th.states, mun|C|ng|t|es, utilities,
and the landfill gas-to-energy industry to col-

Livestock Manure Management The decomposi- lect and use methane from landfills;

tion of animal waste in anaerobic conditions produces \atural Gas STAR Program — works with the
methane. Over the last eight years, methane emissions companies that produce, transmit, and distrib-

from manure have generally followed an upward te natural gas to reduce leaks and losses of
trend. This trend is driven by: (1) increased swine and methane; and

poultry production; and (2) increased use of liqui
manure management systems, which create the an- (RLEP) — works with livestock producers to
aerobic conditions conducive to methane production. improve animal nutrition and management,
In 1994, manure management produced 145 MMTCE  {herepy boosting animal productivity and cut-
(25 Tg) of methane worldwide (|PCC, 1995) EPA tmg methane emissions.

estimates that U.S. emissions from this source we

Coalbed Methane Outreach Program (CMOP)
— works with the coal and natural gas indus-
tries to collect and use methane that is re-
leased during mining;

Ruminant Livestock Efficiency Program

17.0 MMTCE (3.0 Tg) in 1997 (EPA, 1999). Emis—ﬁnder these voluntary programs, industry partners
voluntarily undertake cost-effective efforts to re-

sions from livestock manure in the baseline are prog .o methane emissions. EPA works with part-
jected to increase to 26.4 MMTCE (4.6 Tg) by 202Q,er5 1o quantify the results of their actions and
(Exhibit 1-4) mainly due to increases in livestockaccount for reductions in historical methane emis-
population and milk production. sion estimates. One of the principal benefits of

these voluntary programs is the sharing of infor-

: . mation between government and industry and
3.0 OpthﬂS fOI’ Reducmg within industry on emissions, and emission reduc-

Methane Emissions tion opportunities and associated costs. These
programs have contributed significantly to EPA’s

One of the key elements of the U.S. Climate Changénderstanding of the opportunities for emission
Action Plan (CCAP) is the implementation of cost-reductions.

effective reductions of methane emissions througmany of these opportunities involve the recovery of
voluntary industry actioris. Because methane is a methane emissions and use of the methane as fuel for
valuable energy resource, recovering methane thalectricity generation, on-site heat uses, or off-site sales
normally would be emitted into the atmosphere angf methane. These actions represent key opportunities
using it for fuel reduces greenhouse gas emissiongy reducing methane emissions from landfills, coal
The methane saved from these voluntary actions oftgfjines, and livestock manure management. Other op-

1-6 U.S. Methane Emissions 1990-2020: Inventories, Projections, and Opportunities for Reductions



tions may include oxidizing or burning the methanesources: landfills, natural gas systems, coal mining,

emissions. Catalytic oxidation is a new technologynd livestock manure. The analyses are conducted for
potentially applicable at coal mines; flaring is an opthe years 2000, 2010, and 2020. EPA selected these
tion available at landfills and other sites. sources because well-characterized opportunities exist

The natural gas industry offers the most robust array 6?r cost-effective emission reduc‘t_loqs. The rgsults are
emission reduction options. The Natural Gas STAR! terms of gbated methg ne (emission reductions) that
Program has identified a number of best manageme% n be achieved at varlp us values of methane. The
practices for reducing leaks and avoiding venting otfo'[al value of methane is the su'm .Of s valqe as a
methane. In addition, partners in the program havgouree of energy and as an emission reduction of

employed a number of other strategies for reducinS’HG'

emissions. These strategies are described in the chiethane has a value as a source of energy since it is
ter on natural gas systems. the principal component of natural gas. Therefore,
Savoided methane emissions in natural gas systems are

have yet been identified for the ruminant livestoc vaI.ued in terms of dqllgrs per million British thermal
industry, where methane production is a natural b)}-m'ts ($MMB).  Similarly, .rr)ethane. also can be
product of enteric fermentation. The principal option combustgd o generate electricity and is valued in QOL
are improving the efficiency of feedlot operations anja‘rS per kilowatt-hour ($/kWh). The value of potential

animal feeds for ruminant livestock. Better feeds anH“lethane emission reductions is calculated relative to
' ?rbon equivalent units using methane’s 100-year
g

animal management can increase Yyields of meat af ) _
dairy products relative to methane production. obal warming potential (GWP) of 21 (IPCC, 1996a).
The value of abated methane, as well as other GHGs,
A principal benefit of the various voluntary programscan thus be stated in terms of dollars per metric ton of
is abundant information developed on the efficacy ofarbon equivalent ($/TCE). Throughout the analysis,
the emission reduction options and the costs of implemnergy market prices are aligned to $0/TCE. This
menting these options. EPA uses this information tQalue represents a scenario where no additional price
estimate the costs of reducing emissions. Partners dignals from GHG abatement values exist to motivate
the various voluntary programs are already undertalémission reductions; all reductions are due to re-
ing emission reduction efforts because they have begfionses to market prices for natural gas. As a value is
found to be cost-effective. While some of the emissiomaced on GHG reductions in terms of $/TCE, these
reduction options are cost-effective in some settingsalues are added to energy market prices and allow for

they are not in others, e.g., methane recovery and ugditional emission reductions to clear the market.
may be more cost-effective at large coal mines and

landfills than at small ones. In the next section thA benefit-cost analysis is applied to the opportunities

economics of decision making in the implementatior?Or emission reductions and is defined as:

of reduction options is discussed. » Benefits. Benefits are calculated from the
amount of methane saved by implementing the
options multiplied by the value of the methane

Conversely, few technology-specific reduction option

4.0 Economic Analysis of saved as its use as an energy resource; plus the
Reducing U.S. Methane value of methane as an emission reduction of
.. a GHG, if available;
Emissions

» Costs (including capital expenditures and
operation and maintenance expenses)The
costs of implementing specific reduction op-
tions are estimated for four of the five major
anthropogenic sources. The applied discount
rates are particular to each source-specific

This report presents the results of extensive benefit-
cost analyses conducted on the opportunities (tech-
nologies and management practices) to reduce meth-
ane emissions from four of the five major U.S.
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Because nearly all of the technologies and practices for
reducing methane emissions produce or save energy, ,ses $0.09/kWh
energy prices are a key driver of the cost analyses. The
value of the energy produced or saved offsets to vari-
ous degrees the capital and operating costs of reducing
the emissions. Higher energy prices offset a larger

analysis and set at eight percent for the aggre- savings are valued at $3.27/MMBtu (EIA,
gate analysi8. In the source-specific analyses, 1997).

different discount rates are used to determine ] ]
cost-effective reductions. » Livestock manure methane is used to generate

electricity for farm use and offset electricity
consumption from a utility grid. The analysis
for dairy farms and
$0.07/kWh for swine farms. These prices are
weighted averages of retail commercial elec-
tricity rates based on dairy and swine popula-
tions, respectively. The national average price

portion of these costs, and in some cases make the was discounted by $0.02/kWh to reflect the

technologies and practices profitaBle.

effects of interconnect and demand charges

In the source-specific analyses, energy market prices, and other associated costs.

in 1_996_ UsS. dollarg, are used to gstablish whethgr 3R order to incorporate methane emission reduction
option is cost-effective. These prices are established,,es into the analysis, various $/TCE values are

based on the following approaches:

>

1-8

translated into equivalent electricity and gas prices
For landfills, both electricity and natural gasusing the heat rate of the engine-generator (for elec-
prices are used in the analysis since landfilldricity), the energy value of methane (1,000 Btu/cubic
sell gas directly to consumers or use the refoot), and a GWP of 21. See individual chapters for
covered gas to generate electricity. For elecgreater detail.

tricity prices, the analysis uses an estimated

price '01_‘ $0.04/kWh tq rgpre.sent the value of5.0 Achievable Emission

electricity close to distribution systems and .

receiving a renewable energy premium. For Reductions and

natural gas, the price used is $2.74/MMBtu. Composite Marginal

In this case, the analysis uses the average in- Abatement Curve
dustrial gas price discounted by 20 percent to

adjust for the lower Btu content of landill gas The aggregate results of the analyses are presented in
(EIA, 1997). this section. Exhibit 1-5 shows estimated total U.S.
Coal mine methane is sold as natural gas teeductions at various values for abated methane in
interstate pipelines, used to generate electrich TCE. These reductions are the summation of
ity, or used on-site. For natural gas, coal mineource-specific results where different discount rates
methane is valued at $2.53/MMBtu, which isare applied to each source: 8 percent for landfills, 10
the average delivered price for natural gas inpercent for livestock manure management, 15 percent
Alabama, Indiana, Kentucky, and Ohio. Thefor coal mining, and 20 percent for natural gas sys-
electricity generated from coal mines is valuedems. For 2010, EPA estimates that up to 34.8
at $0.03/kWh to reflect the greater distanceMMTCE (6.1 Tg) of reductions are possible at energy
from distribution systems. market prices or $O/TCE. Consequently, methane
emissions could be reduced below 1990 emissions of

The set of energy prices for natural gas sys-

tems depends on where the emissions are ré§9'9 MMTCE (29.7 Tg) if many of the identified

duced. Production emission reductions are pporFunltles arg thoroughly implemented. At hlgher
. femlssmn reduction values, more methane reductions

valued at the average wellhead price 0could be achieved. For example, EPAs analysis indi

$2.17/MMBtu; transmission savings are val- ' P'e, Y

ued at $2.27/MMBtu: and distribution system cates that with a value of $20/TCE for abated methane
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Exhibit 1-5: U.S. Baseline Emissions and Potential Reductions (source-specific discount rates) (MMTCE)

MMTCE Tg 2000 2010 2020

@216GWP  CH, Cost-Effective Reductions Baseline Emissions 1739 186.0 1837
200 -35 ¢ Baseline Emissions Cumulative Reductions

172130 Emission Levels at at $0/TCE 30.8 34.8 35.0

Different $/TCE at $10/TCE 36.4 42.3 40.9

1a3-L25 e BN S $0 at $20/TCE 417 503 474

%20 at $30/TCE 54.6 61.7 58.7

11520 e S — $50 at $40/TCE 56.2 63.5 61.0

§ $100 at $50/TCE 59.5 66.9 64.8

86115 $200 at $75/TCE 64.3 719 70.7

57| at $100/TCE 67.2 74.9 74.0

Remaining Emissions at $125/TCE 68.4 76.2 75.5

29 at $150/TCE 68.7 76.5 75.9

at $175/TCE 69.0 76.8 76.2

0 at $200/TCE 69.2 77.0 76.5

1990 2000 2010 2020
Year

Remaining Emissions 1047 1089  107.2

added to the energy market price, U.S. reductiongete picture is revealed when the prevailing market
could reach 50.3 MMTCE (8.8 Tg) in 2010. prices for energy and GHG reductions are applied to

Exhibit 1-6 presents EPAs aggregate U.S. methan:%:e MAC to show the amount of available emissions

marginal abatement curve (MAC) for 2010 which is at clear thg market. Any “below-the-line” red_u ction
calculated using a discount rate of eight percenqmounts, with respect to $O/TCE, illustrate this dual

equally applied to all sources in order to properly conF-)”Ce-S'gn"jll market, i.e., energy market prices and

struct the curvé. The MAC illustrates the amount of EM>>0" reduction values.

reductions possible at various values for methane arithe MAC illustrates the following key findings. First,

is derived by rank ordering individual opportunities bysubstantial emission reductions, 36.8 MMTCE (6.4

cost per emission reduction amount (IPCC, 1996b)g), can be cost-effectively achieved, that is, at energy
Any point along a MAC represents the marginal costnarket prices with no additional emissions reduction

of abating an additional amount of methane. A comvalues or $0/TCE. Second, at $20/TCE and $50/TCE

Exhibit 1-6: Marginal Abatement Curve for U.S. Methane Emissions in 2010 (at an 8 percent discount rate)

$250
A
3
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Abated Methane (MMTCE)
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estimated reductions are 52.6 MMTCE (9.2 Tg) andtock manure contributes up to about one-fifth of the
70.0 MMTCE (12.2 Tg), respectively. Third, at reductions, primarily at higher energy prices and emis-

$100/TCE, achievable reductions are estimated at 75s%n reduction values.
Finally, above $100/TCE, the analysis are highlighted below:

MMTCE (13.2 TQ).
MAC becomes inelastic, that is, non-responsive t(g>
increasing methane values which indicates the limits of
the options considered. At higher energy and emission
reduction values, additional options, which have yet to
be developed, will likely become available. By not

estimating potential, future higher-cost options, this
analysis under-estimates the ability to reduce emis-
sions at higher values for abated methane. >

The MAC is based on approximately 160 observa-
tions. These results are from the benefit-cost analyses
conducted on the identified opportunities to abate
methane emissions.

An analytic approximation of the MAC is calculated in
order to make these results useful to larger economic
models concerned with GHG reduction costs. Th%
estimated relationship is obtained by using an expo-
nential trendline, expressing the relationship between
methane values/abatement costs and the quantity of
abated metharfe. This function is described as:
$/TCE = 30 exp [45/(102 — MMTCE)]-60.

Exhibit 1-7 illustrates the relative contribution of each
of the sources to reducing methane emissions. Of the
four sources, landfills contribute the most to the emis-
sion reductions, i.e., over one-quarter of the reductions:
Coal mining and natural gas systems each account for
about one-quarter of total emission reductions. Live-

Several key aspects of the

The methane recovery efficiency at landfills is
estimated at 75 percent for all landfills and is
assumed to remain constant. Below $0/TCE,
using the recovered methane directly in boil-
ers or similar equipment is more cost-effective
than producing electricity in most cases.

Because of the diverse sources of methane
emissions from natural gas systems, a large
number of technologies and practices are
evaluated. Among the options evaluated, re-
placing high-bleed pneumatic devices and
techniques for reducing emissions from com-
pressor stations are the most significant in
terms of cost-effective emission reductions.

The coal mine methane analysis includes a
catalytic oxidation technology for recovering

heat energy from the low concentration of
methane in coal mine ventilation air. This

technology becomes profitable at approxi-
mately $30/TCE, leading to substantial emis-
sion reductions from underground mining.

Below this value, methane recovery is the
primary method of reducing emissions.

The principal methods for reducing methane
emissions from livestock manure are to collect
and combust the methane that would other-

Exhibit 1-7: Portion of Emission Reductions from Each Source in 2010 (at an 8 percent discount rate) (MMTCE)

36.8 52.6 70.0

100% T~

80%

60% |~

40% -

Percent of Total Reduction

20%

$0 $20 $50

$/TCE

1-10

75.5 <« Total Reductions (MMTCE)

<+— Livestock Manure

. . . 'CoalMining

<+— Natural Gas

Landfills

$100
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wise be emitted from liquid manure manage-The economic benefits of pursuing a mitigation strat-
ment systems. Anaerobic digester technoloegy that includes methane is shown in Exhibit 1-8.
gies, the principal technology evaluated, prodllustrative MACs are presented for methane {CH

duce multiple benefits, including odor reduc-CO,, and for the summation of the two showing addi-
tion at swine farms as well as producing en+tional emission reductions with increases in $/TCE.

ergy for on-farm use. Given a reduction target, A*, for both gases, the total
cost of achieving that target is lower if available meth-

6.0 Significance of This ane reductions are included than if only ,G€duc-
An alysis tions are made. At increasing values for emission re-

ductions, more costly GQreductions can be substi-
OWted by lower cost methane reductions, when avail-
c;hble, thereby lowering the marginal cost, shown as the
movement from P to R and decreasing the total cost

To date, most economic analyses of GHG reducti
opportunities have focused on energy-related carb
emissions since GCrurrently accounts for about 82 )
percent of the total U.S. emissions (weighted by 10&he integral or area under the curve).
year global warming potentials) (EPA, 1999). The

analyses provided in this report can be integrated witlf .0 Backg round to This
CGO, economic analyses to provide a broader under- Report

standing of reducing the total cost of achieving GHG

emission reductions. Recent comprehensive studies E}S A's first major report on methane appeared in 1993
the Joint Program on the Science and Policy of GIOb%s Anthropogenic Methane Emissions in the United
Change, Massachusetts Institute of Technology (ReiII)étates Estimates for 1990, Report to Congress

1999) and the Augtralian Bureau for Agricultural and(1993a). This report was the first effort to increase
Resource Economics (Brown, 1999) show that a multl-eneral knowledge about methane emissions by pre-

gas mitigation strategy can reduce the costs of aChIegénting a detailed and comprehensive treatment of the

ing GHG emission reductions. Both of these studiegourCeS of methane emissions as part of the effort to

ut|I|zeq EPAs preliminary cost analysis on methanequ antify these emissions. Following this report, EPA
reductions (EPA, 1998).

published Opportunities to Reduce Anthropogenic

Exhibit 1-8: Illustrative MACs for Methane and Carbon Dioxide

co,

Energy Prices

Market Price

Value of Carbon Equivalent ($/TCE)

v

0 Abated GHG (MMTCE)
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Methane Emissions in the United States (EPA, 1993b).
For all major sources of methane emissions — landfills,
natural gas systems, coal mines, livestock manure, and
livestock enteric fermentation — this report described
the technologies available that could reduce emissions.
Using these technologies, the report estimated the
amount of emission reductions that would be techni-
cally feasible and the amount of emission reductions
that would be economically justified. The latter in-
cluded taking into account the value of methane (as a
fuel) as well as a value for emission reductions.

Since the publication of these reports, EPA has spon-
sored additional work in the estimation of baseline
emissions and the costs of emission reductions. These
efforts include, for example, a 15-volume report on
Methane Emissions from Natural Gas Systems co-
sponsored with the Gas Research Institute (EPA/GRI,
1996).

The information from the various voluntary programs
in addition to other research was used extensively in
the EPAs Costs of Reducing Methane Emissions in
the United States, Preliminary Report (EPA, 1998).
This report first developed the overall approach for
estimating the cost of emission reductions and was
reviewed by a number of industry and source experts.
Their subsequent recommendations as well as other
improvements have been incorporated into the current
document.
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9.0 Explanatory Notes

! The enhanced greenhouse effect is the concept that the natural greenhouse effect has been enhanced by anthropo-
genic emissions of greenhouse gases. Increased concentrations of carbon dioxide, methane, and nitrous oxide,
CFCs, HFCs, PFCs, gFand other photochemically important gases caused by human activities such as fossil fuel
consumption, trap more infra-red radiation, thereby exerting a warming influence on climate. Exhibit 1-1, which
illustrates relative contributions to the enhanced greenhouse effect by gas, is based on the increase in atmospheric
concentrations at each gas between pre-industrial times and 1992. This exhibit does not include methane’s indirect
effect of tropospheric ozone and stratospheric water vapor production, which are estimated to be equivalent to
about 25 percent of the direct effects.

2 Microbial communities in upper soils constitute a much smaller methane sink.

® The U.S. CCAP was initiated in 1993 and designed to reduce U.S. emissions of greenhouse gases. CCAP Pro-
grams promote actions that are both cost-effective for individual private sector participants as well as beneficial to
the environment.

“ In the construction of a national or aggregate marginal abatement curve, a single discount rate is applied to all
sources in order to equally evaluate various options. Given a particular value for abated methane, all options up to
and including that value can be cost-effectively implemented. An eight percent discount rate, the lowest in the
range of the source-specific rates (8 to 20 percent), is used since it is closer to social discount rates employed in
national level analyses. The results from the single, eight percent discount rate analysis are slightly higher than the
results where source-specific discount rates are used because a lower discount rate reduces project costs enabling
additional reductions.

® The effects of energy price changes are analyzed only from the revenue side and do not consider effects to capital
and O&M expenses. Therefore, the projected methane reductions may be overestimated for increases and underes-
timated for decreases to energy prices.

® For the estimated relationship, $/TCE = 30 exp [45/(102 — MMTCE)] - 60, the regression analysis yieltiefl an R
0.95. Conversely, the relationship also can be expressed in standard economic terms as the quantity of abated
methane as a function of price ($/TCE): MMTCE = 102 — 45/In [($/TCE+60)/30].
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2. Landfills

Summary

Landfills are the largest source of U.S. methane emissions and emitted approximately 66.7 MMTCE (11.6 Tg) of
methane or 37 percent of total U.S. emissions in 1997 (EPA, 1999). Municipal solid waste landfills, which receive
about 61 percent of U.S. solid waste, generate 93 percent of U.S. landfill emissions, while industrial landfills ac-
count for the remaining emissions. Over 2,500 landfills currently operate in the U.S. with a small number of the
largest landfills receiving most of the waste and generating the majority of methane emissions (BioCycle, 1998).

EPA expects future landfill methane emissions to decline due to the Landfill Rule (New Source Performance
Standards and Emissions Guidelines), which was promulgated under the Clean Air Act in March 1996 and
amended in June 1998 (EPA, 1996, 1998). The Landfill Rule requires landfill gas to be collected and either flared
or used at landfills that: (1) have a design capacity greater than 2.5 million metric tons (MMT) and 2.5 million
cubic meters; and (2) emit at least 50 metric tons (MT) per year of non-methane organic compounds (NMOCs).
Although the Landfill Rule controls NMOC emissions because they contribute to tropospheric ozone (smog) for-
mation, the process of reducing them also reduces methane emissions. Under the Landfill Rule, EPA expects
landfill methane emissions to decline to 52.0 MMTCE (9.1 Tg) in 2010, excluding possible additional Climate
Change Action Plan and other reductibns.

Landfill methane emissions can be reduced through methane recovery and use projects, as well as flaring. Cur-
rently, over 250 U.S. landfills have methane utilization projects. The recovered methane is used as on-site fuel,
used to generate electricity, or sold to energy end-users, such as factories. Recovering landfill methane also re-
duces odors and the risk of methane migration through soil.

Exhibit 2-1 shows baseline emissions decreasing between 1990-2020. Although not shown, baseline emissions
increase between 1990-1997. After 1997, emissions decrease due to the Landfill Rule. In addition, Exhibit 2-1
shows that by implementing cost-effective technologies and practices, the U.S. could reduce methane emissions
from landfills by up to 10.5 MMTCE (1.8 Tg) in 2010 at energy market prices (in 1996 US$) or $0/TCE. At
higher emission reduction values, more methane reductions could be achieved. For example, EPAs analysis indi-
cates that with a value of $20/TCE for abated methane added to the energy market price, baseline emissions could
decrease to 31.8 MMTCE and U.S. reductions could reach 20.2 MMTCE (3.5 Tg) in 2010.

Exhibit 2-1: U.S. Methane Emissions from Landfills (MMTCE)

Percent of Methane Emissions in 1997 Emission Estimates and Reductions

MMTCE Tg
Enteric Landfills 37% @21 GWP| CH,
Fermentation 19% (66.7 MMTCE) 57 71 10
52—+ 9 Cost-Effective Reductions

46 8 Baseline Emissions

Manure 10% »
40T7 .
- Emission Levels at
34T 6 Different $/TCE
0,
Coal 10% 2945 - $0
- 20
Other 4% 2374 §
Natural Gas and Oil 20% 17t3 $50

Total = 179.6 MMTCE 117 2
Source: EPA, 1999. 6 11

0

Remaining Emissions

1990 2000 2010 2020
Year
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1.0 Methane Emissions its quantity of organic waste. Mgthane .generation int
from Landfills creases as the waste disposal site continues to receive

waste and gradually declines after the site stops receiving

: , waste. However, landfills may continue to generate
Solid waste landfills produce methane as bacteria .
ethane for decades after closing.

decompose organic wastes under anaerobic conch-
tions. Methane accounts for approximately 45 to 5Olutrients. Methane generating bacteria need nitrogen,
percent of landfill gas, while carbon dioxide andphosphorus, sulfur, potassium, sodium, and calcium for
small quantities of other gases comprise the resell growth. These nutrients are derived primarily from
maining 50 to 55 percent. Methane production bethe waste placed in the landfill.

gins six months to two years after waste disposal anglisyre Content. The bacteria also need water for cell
may last for decades, depending on disposal Sifgq\th and metabolic reactions. Landfills receive water
conditions, waste characteristics, and the amount gb,, incoming waste, surface water infiltration, ground-
waste in the landfill. Methane migrates out of [andsater infiitration, water produced by decomposition, and
fills and through zones of low pressure in SOl aerials such as sludge. Another source of water is
eventually reaching the atmosphere. During thig e initation. In general, methane generation occurs at

process, the soil oxidizes approximately ten perceioer rates in arid climates than in non-arid climates.
of the methane generated by a landfill, and the re-

maining 90 percent is emitted as methane unlesemperature. Warm temperatures in a landfill speed

captured by a gas recovery system and then used(Bf 9rowth of methane producing bacteria. The tem-
flared (Liptay, et al., 1998). perature of waste in the landfill depends on landfill

_ _ _ _ depth, the number of layers covering the landfill, and
This section presents background information on thgjiate.

factors influencing methane generation and the

methods EPA uses to estimate both current and f@H- Methane is produced in a neutral environment
ture emissions. A description of the five primary(dose to pH 7). The pH of most landfills is between 6.8
factors that influence landfill methane production@nd 7.2. Above pH 8.0, methane production is negligi-
are discussed first, followed by a discussion of théle.

emission estimation method used for this analysis. . . .

Next, the current and projected emission estimateJS'2 Emission Estimation Method

for U.S. landfills are presented. Lastly, the uncerEstimating the quantity of municipal solid waste-in-place

tainties associated with the emission estimates a(@/IP) that contributes to methane emissions requires a

discussed. characterization of the current and expected future
o o population of landfills. EPA characterizes each landfill
1.1 Emission Characteristics in terms of its year of opening, waste acceptance during

The amount and rate of methane production ovepPeration, year of closure, and design capacity. The
time at a landfill depends on five key characteristicindfill population as of 1990 is based on EPA's landiill
of the landfilled material and surrounding environ-Survey (EPA, 1988). The future population of landfills is

below. they reach their design capacity and the opening of new

) _ _ ~__landfills when a significant shortfall in disposal capacity
Quantity of Organic Material. - The most signifi- s predicted. Simulated new landfills are assumed to be
cant factor driving landfill methane generation is thqarger, on average, than the landfills they are replacing,

quantity of organic material, such as paper and f00flfecting the trend toward fewer and larger regional
and yard wastes, available to sustain methangqaste disposal facilities.

producing microorganisms. The methane produc-
tion capacity of a landfill is directly proportional to

2-2  U.S. Methane Emissions 1990-2020: Inventories, Projections, and Opportunities for Reductions



EPA simulates the opening and closing of landfilldation of U.S. landfills and vary in terms of depth, age,
based on waste disposal estimates. For 199@gional distribution, and other factors.

through 1997, waste disposal estimates are based Q0 ;- qicated in Exhibit 2-3, annual landfill methane

annual BioCycle data (BioCycle, 1998)The un- emissions are calculated by summing annual methane

certainty in predicting future waste disposal levels i%;enerated from MSW landfills, subtracting methane re-
due to significant shifts in waste disposal practices ’

_ ) covered and oxidized, and adding methane emissions
Therefore, for the years after 1997, this analysis us?r% m industrial solid waste.

a constant overall disposal rate based on the average

rate from 1990 to 1995. This simplification is based
on the assumption that the total amount of municipalExhibit 2-3: Components of Methane Emissions from
solid waste (MSW) generated will increase while Landfils

the percentage of waste landfilled will decline due to Total Landfill Methane Emissions

rising recycling and composting rates (EPA, 1997a). Equals
. . Methane Generated from Municipal Solid Waste
The current and future national quantity of waste (MSW Landiill)

disposed is apportioned across an assumed popula-
tion of landfills. Exhibit 2-2 shows the landfill siz-
ing assumptions for each category used in the popu-

Less
Methane Recovered and Flared or Used for Energy

lation analysis. (See Appendix I, Exhibit 11-3 for Less

the distribution of waste disposal across the landfil Methane Oxidized from MSW Landfills
categories). The analysis annually updates the land- Plus

fill characteristics, i.e., the total WIP and years of Methane Emissions from Industrial Waste Sites

operation. The result is a simulated population of
landfills reflecting the national MSW disposal ratesgxhibit 2-4 presents estimates of the amount of munici-

over time. pal solid waste contributing to methane emissions for the
years 1990 to 1997. Methane generation coefficients are
applied to the WIP to determine total methane generated
for individual landfills for the same periéd.

Exhibit 2-2: Landfill Capacity Assumptions

Landfill Category Capacity (MT)

Small 500,000 The analysis also assesses the applicability of the Land-
Small-Medium 1,000,000 fill Rule based on methane generated for each landfill.

Medium 5,000,000 The Landfill Rule (New Source Performance Standards
Large 15,000,000 and Emissions Guidelines) was promulgated in March

Very Large > 15,000,000 1996 under the Clean Air Act and amended in June
MT = metric tons 1998. The Landfill Rule requires gas collection and

flaring or other combustion at landfills whose design
capacity exceeds 2.5 million metric tons (MMT) and 2.5
1.3 Emission Estimates million cubic meters (million ), and that emit 50 met-

EPA uses the results of the landfill population analy[IC tons per year (MT/r) Of, non-methane organic (?Om'
sis to calculate the methane emissions from MsWOUNAS (NMOCs). EPA estimates that up to 350 existing

landfils. The quantity of waste in landfills over and 50 new landfills will install gas control systems by
time dr.ives methane generation. An emissiongooo under the Landfill Rufe. The emission model

model uses this landfill-specific data to estimate thidentifies which landfills are subject to the Landfill Rule
and projects baseline emissions accordingly. Thus, for

amount of methane produced by MSW landfills in & - S
given year (EPA, 1993). The model is based on int_he purposes of the cost analysis presented in this chap-

formation from 85 landfills that represent the popu ter, EPA analyzes only landfills with emissions below the

Landfill Rule threshold.
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Although not explicitly modeled in this analysis, estimates will be published in 2000, and may result in a
EPA has estimated methane reductions under thstable emissions trend over the period 1990-1998.

Climate Change _ACt'On Plan (CCAP). UnderFor purposes of electricity generation, the U.S. recovered
CCAP, the Landfill Methane Outreach Program

LMOP) h ted meth d t'|'6'9 MMTCE (1.2 Tg) of landfill methane in 1990 and
(LMOP) has promoted methane recovery and Utlli  \\iTcE (1.4 Tg) in 1992 (GAA, 1994). To account
zation. LMOP/CCAP reductions reflect those land-

fils at which LMOP h ided assist for methane flared without energy recovery, the recovery
s atwhic as provided assistance. estimate is increased by 25 percent to arrive at the total

methane recovered (EPA, 1993). Due to a current lack
of information on annual recovery rates, the 1990 esti-

Irnate is used for 1991, and the 1992 estimate is used for
¥993 through 1997.

1.3.1 Current Emissions and Trends

The amount of MSW in landfills contributing to
methane emissions increased from approximate
4,900 MMT in 1990 to approximately 5,800 MMT
in 1997. Methane emissions also increased betweens » £y ture Emissions and Trends

199b0 and _19?7’ tfr&r&fgé mlllgag _Fnetnc tonSTOfAs previously stated, total emissions are based on a char-
carbon equivalent ( ) or 9. erggrams( g)acterization of the surveyed U.S. landfill population.
to 66.7 MMTCE or 11.6 Tg, respectively (EPA,

1999)  Exhibit 2-5 sh H dual i he surveyed population, however, excludes industrial
). Exhibit 25 shows this gradua INCTEASE Ofndfills and landfills with a WIP less than 500,000 MT:
1.5 MMTCE/yr (0.26 Tglyr). Although emissions

: q i lecti q busti btherefore, the emissions from these landfills are esti-
mcregse » methane (,:O ection and: com U_S on Ppated as a percentage of MSW emissions from the sur-
landfill operators also increased from an estimate Qf

8.6 MMTCE (1.5Ta) in 1990 to 10.3 MMTCE eyed population. Emissions for the small landfills
) (1.5Tg) in 0 U (containing less than 500,000 MT) are based on an esti-

(1.8 Tg) in 1992. Since 1992, the number of landil ate of the portion of total waste disposed in small land-

gas recovery projects has increased SUbStam'aIL}?Is. This portion is estimated to decline from 12 percent

EPA is developing annual recovery estimates for 936¥ current MSW emissions to six percent of the MSW

utilization projects for the period 1990-1998. Theseemissions by 2020. Industrial landfill emissions are as-

Exhibit 2-4: Municipal Solid Waste Contributing to Methane Emissions (MMT)

Description 1990 1991 1992 1993 1994 1995 1996 1997
Total MSW Generated? 267 255 265 279 293 297 297 309
Percent of MSW Landfilled® 7% 76% 2% 1% 67% 63% 62% 61%
Total MSW Landfilled 206 194 191 198 196 187 184 189

Cumulative MSW Contributing to Emissions¢ 4,926 5027 5162 5,292 5428 5560 5677 5791
MMT = million metric tons

ab Source: BioCycle, 1998.

¢The EPA emission model (EPA, 1993) assumes all waste that has been in place for less than 30 years emits methane.

Exhibit 2-5: Methane Emissions from Landfills (MMTCE)

Activity 1990 1991 1992 1993 1994 1995 1996 1997
MSW Landfilling 66.4 67.8 69.7 71.6 73.6 75.7 77.3 78.9
Recovery (8.6) (8.6) (10.3) (10.3) (10.3) (10.3) (10.3) (10.3)
Oxidation from MSW (5.8) (5.9 (5.9) (6.1) (6.3) (6.5) (6.7) (6.9)
Industrial Waste Landfilling 4.2 4.3 4.4 45 4.6 48 4.9 5.0
Total 56.2 57.6 57.8 59.7 61.6 63.6 65.1 66.7

MMTCE = million metric tons of carbon equivalent
Totals may not sum due to independent rounding.
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sumed to equal seven percent of the total metharmeldition, the baseline emission estimates do not include
generated from MSW at all landfills, including thoseemission reductions associated with landfills that flare

with less than 500,000 MT. The emissions frontheir gas and do not have landfill gas-to-energy recovery
industrial and small landfills are added to the totabystems. Such data are not currently available, but EPA
MSW methane emissions and are included in base working to develop it. Thus, the analysis underesti-

line emissions. Excluding the small and industriaimates current emission reductions.

landfills, approximately 3,900 existing and future

landfills are simulated in the U.S. landfill popula- .- :
tion. Of these, approximately 2,030 existed in 1990.2'O Emission Reductions

Future landfill methane emissions will decline dueTwo approaches exist for reducing methane emissions
to the Landfill Rule and increased recycling androm landfills: (1) recovering and either flaring or using
alternative waste disposal methods. Based on thendfill methane for energy; and (2) modifying waste
annual quantity of waste disposed and the criteria fahanagement practices to reduce waste disposal in land-
the Landfill Rule, EPA simulates candidate landfillsfills, through recycling and other alternatives. The first
for methane recovery. Since the analysis incorpaapproach is an increasingly common practice as demon-
rates projected waste quantities, it reflects the facttrated by the over 250 landfills that currently collect and
that certain landfills will not be subject to the Land-use their gas for energy (Kruger, et al., 1999). This re-
fill Rule, and others will not have enough waste tqort focuses on evaluating the cost-effectiveness of
cost-effectively recover and use methane until someethane recovery for energy. The second approach is
time in the future. Exhibit 2-6 shows estimatednot assessed, although expected changes in MSW dis-
landfill methane emissions with and without theposal rates due to recycling are reflected in the emission
Landfill Rule for 2000 through 2020. Baseline projections.

emission projections include emission reduction

achieved as a result of the Landfill Rule. Fhe costs and benefits of emission reductions (through

the implementation of gas recovery projects) at landfills
not subject to the Landfill Rule are analyzed for the years
2000, 2010, and 2020. In addition, a marginal abatement
The primary source of uncertainty with the landfill cyrve (MAC) is constructed showing a schedule of emis-
emission estimates is the characterization of the Cugion reductions that could be obtained at increasing val-
rent and future landfill population. The characteriyes for methane. The analysis considers the value of
zation is based on an EPA survey of a small numbgjhated methane as the sum of its value as a source of
of landfills rather than IandfiII-SpeCifiC information energy, i_e_, natural gas and e|ectricity’ and as an emission

from the population of U.S. landfills. For example, reduction of a greenhouse gas (GHG).

the analysis simulates the opening and closing of

landfills, waste disposal over time, and the installa'—A‘ description of the various technologies and practices

tion of landfill gas-to-energy recovery systems. Inthat.can reducg .metha.ne emissions is provided in this
section. In addition, this section also presents the cost

1.4 Emission Estimate Uncertainties

Exhibit 2-6: Projected Baseline Methane Emissions from Landfills (MMTCE)

Activity 2000 2005 2010 2015 2020
MSW Landfilling 83.4 87.5 87.0 82.5 76.1
Oxidation from MSW (8.3) (8.8) 8.7) 8.2) (7.6)
Industrial Waste Landfilling 53 55 55 5.2 4.8
Total Emissions (without the Landfill Rule) 80.3 84.3 83.8 794 733
Landfill Rule Emission Reductions (28.8) (30.3) (31.8) (32.0) (32.2)
Projected Baseline Emissions 514 54.0 52.0 474 411

Totals may not sum due to independent rounding.
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analysis for evaluating emission reductions as wellhe analysis does not assess the following technologies
as the MAC for emission reductions in 2010. Fiffor reducing emissions because they are typically more
nally, the uncertainties and limitations associatedostly than electricity generation or direct gas use proj-

with EPAs reduction estimates are described.

ects and the extent of their use in the landfill gas-to-

energy industry is difficult to predict.

2.1 Technologies for Reducing

Methane Emissions >

Gas collection, by vertical wells and horizontal
trenches, typically begins after a portion of a landfill,
called a cell, is closed. Vertical wells are most
commonly used for gas collection, while trenches
are sometimes used in deeper landfills, and may be
used in areas of active filing. The collected gas is
routed through lateral piping to a main collection
header. Ideally, the collection system should be de-
signed so that an operator can monitor and adjust the
gas flow if necessary. Once the landfill methane is
collected, it can be used in a number of ways, in-
cluding electricity generation, direct gas use (injec-
tion into natural gas pipelines), powering fuel cells,
or compression to liquid fuel. EPAs analysis fo-
cuses on the first two options, summarized below.

Electricity Generation. Almost 80 percent of land-

fill electric power generation projects use recipro-
cating internal combustion (IC) engines (Kruger, e
al., 1999). IC engines are relatively inexpensive,
efficient, and appropriate for smaller landfills where
gas flows are between 625 thousand cubic feet per
day (Mcf/day) to 2,000 Mcf/day at 450 British ther-
mal units per cubic feet (Btulft(Jansen, 1992).
This gas flow and energy content is sufficient to»
produce one to three megawatts (MW) of electricity
per project (Thorneloe, 1992).

Direct Gas Use. Landfill gas is used as a medium- >
Btu fuel for boilers or industrial processes, such as
drying operations, kiln operations, and cement and
asphalt production. In these projects, the gas is
piped directly to a nearby customer where it is used
as a replacement or supplementary fuel. If medium-
Btu fuel is sold to a customer that is in close prox-

Reduced Landfiling. Landfilling is reduced
through recycling, waste minimization, and waste
diversion to alternative treatment and disposal meth-
ods, such as composting and incineration. The U.S.
is making significant efforts at both the federal and
state level to reduce landfilling. Although the analy-
sis does not evaluate the cost-effectiveness of re-
duced landfilling, the baseline methane emission es-
timates include the anticipated impacts of changes in
waste management practices.

Turbine Generators. Similar to IC engines, turbine
generators generate electricity. While turbines are
often better for large projects in excess of three MW,
IC engines are more cost-effective for the sizes of
projects examined in this analysis. Because the
largest landfills in the U.S. are expected to recover
and combust their gas under the Landfill Rule by the
year 2000, this analysis focuses on the smaller land-
fills for which IC engines are preferred.

Natural Gas Pipeline Injection. Landfill gas can

be sold to the natural gas pipeline system once it has
met certain process and treatment standards. This
option is appropriate in limited cases, such as when
very large quantities of gas are available.

Liquid Vehicle Fuel. Landfill gas is processed into
liquid vehicle fuel for use in trucks hauling refuse to
a landfill.

Flare-Only Option. Several U.S. landfills have
implemented flare systems without energy recovery
systems. These landfills are either required to flare
their landfill gas or they flare to control odor and gas
migration. EPAs analysis did not address flaring as
a stand-alone option.

imity to the landfill, ideally within five miles, usually 2.2 Cost Analysis of Emission

only minimal gas processing is required. Ideal gas

Reductions

customers have a steady, annual gas demand coffpp evaluates both electricity generation and direct gas

patible with a landfill's gas flow.

2-6

use projects for landfills not subject to the Landfill Rule.
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A project is considered cost-effective when the valuéricity production system. Appendix Il, Exhibit5 de-
for its abated methane (revenue) is equal to dails the factors used to estimate project costs.

greater than the project’s cost. The analysis evallg
ates the cost-effectiveness over a range of compara-
ble values for abated methane in terms of electricity
prices (dollars per kilowatt-hour or $/kwh), gas
prices (dollars per milion Btu or $/MMBtu), and
emission reduction values (dollars per metric ton of
carbon equivalent or $/TCE). >

EPA first evaluates electricity generation projects for
each modeled landfill and determines if such a proj-
ect is cost-effective. For those landfills where elec-
tricity generation projects are not cost-effective, the”
analysis then evaluates whether direct gas use proj-
ects are cost-effective at an equivalent value in gas-
price terms, $/MMBtu. For landfills that cannot
cost-effectively implement either project, methane

Collection System. As discussed above, all gas
recovery projects start with a gas collection system.
These costs are driven primarily by the amount of
WIP. Gas collection efficiency is assumed to be 75
percent of emitted methane.

Flare System. All gas recovery projects require a
flare system because excess gas may need to be
flared at any time. Peak gas flow from the collection
system drives these costs.

Electricity Production. Electricity production re-
quires a variety of equipment including: compres-
sors to move the gas, a prime mover (IC engines in
this case), an electric generator, an interconnect with
the local grid, and a monitoring and control system.

emission reductions are zero. The analysis iS rega| costs equal the sum of the components listed
peated at a range of values for abated methane agdyye.  Exhibit 2-7 lists estimated costs for projects of
the results of the analysis are used to construct\goys sizes as defined by a landfill's WIP and the elec-
MAC. tricity production capacity in MW. The size of each gen-
Both electricity and direct gas use projects require @rator is based on the maximum gas flow rate during the
gas collection system and involve capital and operdife of the project. In most cases the gas produced is less
tion and maintenance (O&M) costs for various projthan the maximum capacity of the engine generator. No
ect components. Capital costs for a collection syglowntime is assumed since the unit is modeled to run at

tem include the purchase and installation of extradess than capacity during most of the project’s lifetime.

tion wells, lateral well connections, a header systenestep 2. Estimate Project Revenue.EPA estimates

a gas mover system, and a condensate handling Sysgenues for a range of electricity prices and values of
tem. Annual O&M figures include labor costs of gpated methane. The rate at which landfill owners sell
two to three person-years and indirect costs includsjecyricity depends on local and regional electric power
ing overhead, insurance, and administration.  Thg,arket conditions, and often varies by time of day and
expected cost of replacing components of the cokeason. This analysis uses a market price of $0.04/kWh
lection system are small relative to the overall cos(tlg% US$) as a representative figurefhe analysis

of the collection and recovery and utilization yoes not consider additional revenues from state and
systems. Additional component costs for electriCitfeqera) incentives for landfill gas-to-energy projects.
and direct gas use are described in more detail bepp estimates the annual total electricity production
low.® from the project based on the amount of gas produced

and collected each year.

2.2.1  Flectricity Generation For modeling purposes, electricity prices are converted

The cost analysis for landfill gas-to-electricity proj-yy ¢TcE using methane’s Global Warming Potential
ects consists of the following three steps. (GWP) of 21 and the heat rate (10,000 Btu/kWh) of the
Step 1: Define Project ComponentsEach project engine-generator.

includes a collection system, flare system, and elec-
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Exhibit 2-7: Electricity Generation — Example Cost Estimates by Project Size

Size Collect and Flare System IC Engine/Generator Total Costs
WIP Capital 0&M Capital 0&M Capital 0&M
(MT 000) (MW) ($000) ($000) ($000) ($000) ($000) ($000)
318 0.50 $272 $61 $693 $66 $965 $127
476 0.75 $353 $64 $1,011 $99 $1,364 $163
635 1.00 $428 $67 $1,322 $131 $1,749 $199
953 150 $568 $73 $1,927 $197 $2,495 $270
1,271 2.00 $699 $78 $2,517 $263 $3,216 $341
1,127 3.00 $654 $77 $3,957 $394 $4,611 $471
2,918 5.00 $1,310 $103 $6,000 $657 $7,310 $760

All estimates are in 1996 dollars.

Step 3. Evaluate Cost-Effectiveness.EPA as- pipeline to a customer. For each landfill size, EPA esti-
sesses the cost-effectiveness of implementing a propates the capital and O&M costs for each component
ect at each landfill using a benefit-cost analysis witlusing the unit costs presented in Appendix I, Exhibit 11-6
the costs and revenues described above, and the castl the cost parameters in Exhibit 2-8. The unit costs are
parameters listed in Exhibit 2-8. Electricity produc-taken from the Energy Project Landfill Gas Utilization
tion is assumed to take place for 20 years, with aSoftware (E-PLUS), an EPA-distributed software used to
option at the end of that period to replace the enginevaluate the cost-effectiveness and feasibility of landfill
and generate electricity for another 20 years. If thgas-to-energy projects (EPA, 1997blExhibit 2-9 pres-

net present value (NPV) of the project is zero oents the costs and break-even gas prices as defined by a
positive, the project is considered cost-effective.  landfill's WIP.

EPA estimateghe break-even gas prices ($/MMBtu)

Exhibit 2-8:  Financial Assumptions for Emission required to support a “model” direct gas use project for
Reduction Analysis landfills with a WIP ranging from 50,000 to 11,000,000
Parameter Value MT. The break-even gas price is the value required to
Discount Rate 8 percent real produce a zero NPV over the 15-year life of the project.
Depreciation Period 10 years

Step 2: Define Methane Abatement ValuesA market
Duration of Project Electricity: 20 years; Di- price O_f 9as ,Of $?'74,/ MMBtu (1996 USS) is. used in the

rect Gas Use: 15 years analysis. This price is 80 percent of the national average
Collection Efficiency 75% industrial natural gas price of $3.42/MMBtu (EIA,
1997). The national average price is discounted by 20
percent to account for the fact that the landfill gas is a
2.2.2 Direct Gas Use medium-grade gas. EPA converts gas prices, in
EPA evaluates the cost-effectiveness of direct gsiMMBtu, to methane abatement values, in $/TCE, us-
use projects at landfills not subject to the Landfiling methane’s GWP of 21 and a Btu content of 1,000
Rule and for which electricity generation projectsBtu/ftfor methané.

are not cost-effective. The evaluation is based on the , . -
. n order to compare direct gas use with electricity gen-
three steps indicated below.

eration projects and combine them on the same MAC,
Step 1: Define “Model” Project Components.  gas prices are aligned with the electricity prices based on
The costs of a model project include a gas collectiosquivalent emission reductions values. For example, 150
and flare system, gas treatment, gas compressiongercent of the market electricity price or $0.06/kWh, is
50 pounds per square inch (psi), and a five-mile gas

Marginal Tax Rate 40%
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Exhibit 2-9: Direct Gas Use Cost Estimates by Project Size

WP CoIIeI(::It;(r): and Compression Gas Treatment Pipeline Total Break-E_ven
(MT 000) Capital O&M  Capital O&M  Capital O&M Capital O&M  Capital O&M (ifll\il\;gfue)
($000) ($000) ($000)  ($000)  ($000)  ($000)  ($000)  ($000)  ($000)  ($000)
50  $124  $52.0 $3.3  $126 $3.25  $10.0 $924  $185 $1,054  $93 $55.03
100 $156  $545 $6.6  $13.3 $3.31  $10.0 $924  $185 $1,090  $96 $27.72
200 $215  $56.0 $134  $14.6 $3.42  $10.0 $924  $185 $1,156  $99 $14.92

300 $269  $57.3  $20.1  $159 $3.53  $10.0 $924  $185 $1216 $102 $10.36

400  $319  $59.8 $26.7 $17.2 $3.64  $10.0 $924  $185 $1273 $105 $8.11
500  $364  $62.3 $334  $185 $3.74  $10.1 $924  $185 $1,325 $109 $6.74
600  $412  $64.6 $401  $19.8 $3.85 $10.1 $924  $185 $1,380 $113 $5.83
700  $458  $68.0 $46.8 $21.1 $396 $10.1 $924  $185 $1432 $118 $5.20
800  $500  $68.6 $53.5  $22.3 $4.07  $10.1 $924  $185 $1481 $120 $4.67
900  $540  $70.0 $60.2  $23.6 $4.18  $10.1 $924  $185 $1529 $122 $4.27
1,000 $581  $70.8 $129.0 $37.0 $5.30  $10.2 $924  $185 $1,639 $136 $2.16
11,000 $3522 $189.0 $603.0 $129.0 $19.00 $10.9 $924  $185 $5068 $347 $1.35

Estimates are an average for arid and non-arid conditions and represent 1996 dollars.
Source: EPA, 1997b.

paired with 150 percent of the market gas price % 3 Achievable Emission Reductions
$4.10MMBtL. and Marginal Abatement Curve

Step 3: Evaluate Cost-Effectiveness.For direct The result of this analysis is an assessment of the cost-

use projects, EPA estimates the break-even WIP fc()arffectiveness of two types of landfill gas recovery and

each gas price by interpolation; as shown in EXh'b'lthe projects: electricity generation and direct gas use.

2-9. The analysis categorizes a landfil as Implef:or 2010, EPA estimates that U.S. landfills could reduce

mentlng a dlregt gas use project when its methamreﬁethane emissions by up to 10.5 MMTCE (1.8 Tg)
producing WIP is equal to or greater than the breal? : : . .
WIP f . . hrough implementing these types of cost-effective proj-
even ora given gas price. ects at energy market prices (1996 US$). These potential
Emission reductions from direct gas use projecteeductions are without any additional value for abated
equal the gas that is collected and combusted. ERAethane in terms of $/TCE. If emission reduction values
assumes that only 75 percent of these cost-effectiae added to the energy market prices, greater methane
direct gas use projects are implemented to accourgductions are achieved. For example, EPAs analysis

for the uncertainty in identifying an energy end-user.indicates that with a value of $20/TCE for abated meth-

As energy prices increase, the break-even WIP géne added to the energy market .price, U.S. reductions
clines allowing smaller landfills to cost-effectively could reach 20.2 MMTCE (3.5 Tg) in 2010.
invest in direct gas use projects. This trend is imExhibit 2-10 shows the amounts of abated methane in-
portant because while the Landfill Rule is reducingcremental to the Landfil Rule that can be cost-
emissions from larger U.S. landfills, many smalleffectively achieved for a range of comparable values of
landfills exist where cost-effective reductions alscabated methane through $200/TCE. For some landfills,
can be achieved. both electricity and direct gas use projects are cost-
effective. However, for modeling purposes, EPA as-
sumes that these landfills implement an electricity gen-
eration project. Consequently, the eligible landfills for
direct use projects indicated in Exhibit 2-10 represent
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Exhibit 2-10: Schedule of Emission Reductions Over and Above the Landfill Rule by Price in 2010

Electricity Production? Direct Gas Use Total Em!ssmn
Reductions
Value of
Carbon
Equiva- Break-Even Incremental Break-Even Incremental | Cumulative % of
lent Price WIP Eligible Reductions Price WIP Eligible Reductions | Reductions  base- |Label on
($/TCE) | ($/kWh) (MT) Landfills (MMTCE) | ($/MMBtu) (MT) Landfils (MMTCE) | (MMTCE) line | MACP
(20) {0.03 Infeasible 0 0.00 1.64 7,436,565 0 0.00 0.00 0% [N/AC
(6)d 10.03 Infeasible 0 0.00 2.05 2,330,467 114 3.48 3.48 7% A
0 0.04 2,900,493 64 1.98 2.74 972,739 498 5.09 10.55 20% B
10 0.05 538,232 773 11.25 3.84 920,668 106 (7.35)¢ 14.44 28% C
20 0.06 273,860 1,919 6.96 494 749,467 7 (1.16) 20.23 39% D
30 0.07 177,368 2,319 1.27 6.03 576,422 0 (0.05) 21.45 41% E
40 0.08 129,583 2,505 0.29 7.13 468,324 0 0.00 21.75 42% F
50 0.09 101,309 2,615 0.11 8.23 393,655 0 0.00 21.85 42% G
75 0.12 66,064 2,685 0.05 10.98 283,477 0 0.00 21.90 42% H
100 0.15 48,086 2,720 0.02 13.73 222,143 0 0.00 2191 42% |
125 0.18 Negligible 2,720 0.00 16.48 182,893 0 0.00 2191 42% J
150 0.20 Negligible 2,720 0.00 19.23 152,742 0 0.00 2191 42% K
175 0.23 Negligible 2,720 0.00 21.98 134,836 0 0.00 2191 42% L
200 0.26 Negligible 2,720 0.00 24.73 118,155 0 0.00 2191 42% M

a Includes emission reductions for landfills at which either a gas or an electricity project is modeled as cost-effective. By default, the analy-
sis selects electricity projects over gas projects where both are cost-effective.

b Point on marginal abatement curve (see Exhibit 2-11) indicating minimum break-even WIP for electricity and direct gas use projects.

¢ Although cost-effective reductions at landfills of this size exist, they are subject to the Landfill Rule (over 2.5 MMT WIP), and thus, are not
counted as emission reductions in this analysis.

d The potential emission reductions associated with the modeled prices of $2.05/MMBtu or -$6/TCE are “below the line” reductions in carbon
equivalent terms.

¢ Negative incremental reductions indicate that emission reductions attributed to gas projects at lower prices are modeled as electricity
projects at higher prices because electricity projects become cost-effective as values increase above $0/TCE.

those landfills that find only direct gas use projectsare aligned with $0/TCE given that this price represents
cost-effective. As indicated in the exhibit, aboveno additional values for abated methane and where all
$20/TCE, no landfills find only direct gas use costrice signals come only from the respective energy mar-
effective. The negative incremental reductions unkets. The “below-the-line” reduction amounts, with re-

der the direct gas option indicate the direct use progpect to $0/TCE, illustrate this dual price-signal market,
ects for which electricity production also becomes.e., energy market prices and emission reduction values.

cost-effective at the higher methane values. Each point on the MAC represents the quantity of meth-

Exhibit 2-11 illustrates the MAC for landfill elec- ane that is cost-effectively abated at a given energy price
tricity generation and direct gas use projects natombination and emission reduction value. In addition,
subject to the Landfill Rule for 2010. Exhibit 2-12 each point on the graph reflects the minimum break-even
presents the cumulative emission reductions for s&VIP between electricity projects and direct gas use proj-
lected values of carbon equivalent in 2000, 2010gcts. The minimum break-even WIP for electricity gen-
and 2020. The MAC can similarly be called a coseration and direct gas use projects determines the size of
or supply curve since it shows the marginal cost peghe smallest landfill for which a landfill gas-to-energy
emission reduction amount. Energy market priceproject is cost-effective. As shown in the exhibit, emis-
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Exhibit 2-11: Marginal Abatement Curve for Methane Emissions from Landfills in 2010

Abated Methane (% of 2010 Baseline Emissions of 52.0 MMTCE)

Natural Gas
(1996 $/MMBtu)
0% 5% 10% 15% 20% 25% 30% 35% 40% 45%
! ! ! 1 1 1 | ! $250
o
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= F$200 %
8 L
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0 5
2] 1 _
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- $0.00 $0.007 A =
. . I 2
T T T T T ($50) =
0 5 10 15 20
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sion reductions approach their maximum at ap-Exhibit 2-12: Emission Reductions at Selected Values of
proximately $36/TCE which is comparable to Carbon Equivalent in 2000, 2010, and 2020 (MMTCE)

$0.08/kWh and $6.69/MMBtu. ____ 2000 2010 2020
Baseline Emissions 514 52.0 411

The analysis indicates that at and below energy marCumulative Reductions
ket prices, only direct gas use projects are cost- at$0/TCE 11.0 10.5 1.6
effective and electricity production projects do not Z: i;gggg ig'; ;g'g ig;
contribute to emission reductions. This modeled  ; ¢30/7cE 19.7 215 15.0
result, however, underestimates the potential for st $40/TCE 20.1 21.7 155
emission reductions since many landfills are cur- at $50/TCE 20.5 21.9 15.7
rently implementing electricity projects. Many of ~ at$75/TCE 212 21.9 15.8
these landfills take advantage of state and federal a: gggﬂgg ig gig igg
incentives that are not reflected in this analysis. Zt $150/TCE 216 219 159
Emission reductions from both landfills impacted by @t $175/TCE 216 219 159
at $200/TCE 21.7 21.9 15.9

the Landfill Rule and “non-Rule” landfills reach
approximately 65 percent of total MSW methane
emissions, only 10 percent below the maximum pos-

sible given the estimated recovery efficiency of2-4 Reduction Estimate Uncertainties
75 percent. The analysis assumes that small and  @nd Limitations

industrial landfills, which were not evaluated for njost of the uncertainties associated with emission re-

purposes of the MAC, continue to emit methanegyction estimates relate to the landfill population uncer-

Therefore total emission reductions do not approacjnties described in the first section. Additional data are

the 75 percent maximum. needed to improve the basis for characterizing the land-
fill population and the potential to collect and use gas
cost-effectively at each landfill.

Remaining Emissions 29.8 30.1 25.2
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Other uncertainties involve landfill gas recovery
technologies and the costs for recovering landfill
gas. For both electricity and direct gas use projects,
EPA estimates the costs using aggregate cost factors
and a relatively simple set of landfill characteristics.
Costs vary depending on the depth, area, WIP, and
waste materials for each landfill. Uncertainty is as-
sociated with the electricity analysis because EPA
bases costs on a representative WIP. Although the
costs for direct gas use projects account for depth,
area, and WIP (along with unit costs), they are only
representative of average costs.

The price at which landfills sell electricity also is an
important driver in the analysis. At higher rates,
more landfills find it cost-effective to implement
electricity projects. In addition, efforts to reduce
landfilling, including waste management policies
that go beyond existing programs, are potentially
cost-effective in further reducing future methane
emissions. The costs and benefits of such alternative
waste management policies are not included in this
assessment.

Lastly, project revenues only reflect market prices of

electricity and gas and do not reflect state and fed-
eral incentives or subsidies. Incorporating these cur-
rently available incentives in the analysis would re-

sult in additional cost-effective emission reductions.
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4.0 Explanatory Notes

! Climate Change Action Plan or CCAP reductions are achieved as a result of voluntary industry actions. For exam-
ple, under CCAP, EPA created the joint EPA-industry Landfill Methane Outreach Program (LMOP). Under this
program, landfill industry partners undertake cost-effective efforts to reduce methane emissions from landfills. This
analysis does not evaluate specific emission reductions associated with LMOP, rather, the analysis focuses on pro-
jected cost-effective emission reductions at landfills not impacted by the Landfill Rule. EPA expects that 40 per-
cent of the cost-effective emission reductions available in 2010 will be taken as a result of LMOP.

2 BjoCycle includes construction and demolition (C&D) debris in their estimates of waste generation. However, the
definition of municipal solid waste (MSW) is not uniform for each state in BioCycle's survey. Some states report
C&D because many of their landfills accept waste from a variety of sources (BioCycle 1998ughlthe waste
estimates prior to 1990 exclude C&D waste, EPA did not adjust the BioCycle estimates due to the inconsistent
definition of MSW for each state.

3 Equations for calculating methane generation as a function of methane generating waste-in-place (WIP):

Methane Generating WIP Methane Emissions (MT/year)

Less than or equal to 0.04°10T 0

Greater than 0.04 $04T and less than or equal7.43 x (WIP/16) x Conversion Fact8ix Scald

0 2.0 x 16 MT

Greater than 2.0 x foaT (8.22 + 5.27 x (WIP/19) x Conversion Fact8ix Scal8

2 Conversion Factor (ffmin to MT/year) = (365 days/yr) x (24 hrs/day) x (60 min/hr) x (662 g/@H x
(MT/10%).

®The landfills in the landfill population data set are weighted in order to adjust the sample landfill population to
the national level. The weighted numbers are 2, 3, and 7. Hence, a simulated landfill may account for 2, 3, or 7
landfills (Scale = 2, 3, or 7).

These equations are based on a survey of 85 landfills with a WIP ranging from 1.2 million MT to 30 million MT.
The third equation is based on a regression analysis of the survey results. The second equation is based on the av-
erage rate of methane generation per unit of WIP.

* EPA conducts the emission analysis using a range of high and low average NMOC concentration values based on
the number of landfills expected to trigger under the Landfill Rule by 2000. EPA calibrates the model by adjusting
the average methane NMOC concentration to 500 parts per million by volume in order to simulate 350 existing and
approximately 50 new landfills that will trigger under the Landfill Rule by 2000.

® EPA assumes that capital and O&M costs are constant for the 30-year time horizon and do not change due to de-
velopment of more efficient and less costly technologies.

® The electricity rates in the U.S. that landfills are able to obtain for their generation, i.e., electric buyback rates, vary
depending on several factors, including: the cost of system power on the grid (peak or off-peak), transmission (and
in some cases distribution charges), region, and pricing. In addition, renewable power commands a premium that
historically has been in the form of regulated buy-back rates or tax credits. More recently it has taken the form of
green power premiums. Historically, under a regulated environment, landfill gas power projects have received
electric buyback rates ranging from $0.02/kWh to $0.10/kWh, averaging about $0.06/kWh (EPA, 1996). For this
study, EPA assumes a price of $0.04/kWh. This value represents the price of electricity close to distribution sys-
tems and receiving a renewable energy premium.
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" Equation to calculate the equivalent electricity price for a given value of carbon equivalent:

$ 10°TCE 573MMTCE Tg 192g9CH, 3

X X X > 3 X
TCE MMTCE TgCH, 101%g ft>CH , 1000Btu kWh kWh

10,000Btu $
X

Where: 5.73 MMTCE/Tg Ch= 21 CQ/CH,x (12 C / 44 CQ
Density of CH = 19.2 g/t
Btu content of CH= 1,000 Btu/ft
Heat rate of IC Engine = 10,000 Btu/kWh

8 The costs for electricity production and direct gas use are based on different algorithms. Both options include col-
lection and flare project components because some amount of gas will be flared. The landfill depth and area, and
the collection system variable O&M costs are adjusted in E-PLUS so that the direct gas use collection capital and
O&M costs are calibrated within five to ten percent of the electricity project collection system costs.

° Equation to calculate the equivalent gas price for a given value of carbon equivalent:

$ 1°TcE s73MMTCE Tg 192g9CH, #5 1%Bw  $
X X X > X 3 X X =
TCE MMTCE = TgCH, 102 #3CH, 1000Btu MMBiu MMBtu

Where: 5.73 MMTCE/Tg Chi= 21 CQ/CH; x (12 C / 44 CQ
Density of CH = 19.2 g/ff
Btu content of Ci= 1,000 Btu/ft
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3. Natural Gas Systems

Summary

EPA estimates 1997 U.S. methane emissions to be 33.5 MMTCE (5.8 Tg) from natural gas systems and 1.6
MMTCE (0.3 Tg) from ail systems, which together accounted for approximately 20 percent of total U.S. anthro-
pogenic methane emissions (EPA, 1999). In 1997, the U.S. produced 18.9 trillion cubic feet (Tcf) (364 Tg) and
consumed 22.0 Tcf (422 Tg) of natural gas (the balance was imported), which is 95 percent methane (EIA, 1999).
Natural gas is produced at thousands of gas and oil wells, purified at hundreds of processing plants, transported
through a continental network of pipelines, and delivered to millions of customers. Natural gas consumption is
divided among industrial (44 percent), residential (25 percent), commercial (16 percent), and electric utility (15
percent) uses (EIA, 1998). Methane is emitted to the atmosphere through leaks and by accidental and deliberate
venting of natural gas during normal operations, i.e., production, processing, transmission, and distribution.
Because natural gas is often found in conjunction with oil, its production and processing also emits methane.

EPA expects baseline emissions from natural gas systems to grow as natural gas consumption increases. The U.S.
Department of Energy anticipates U.S. gas consumption will increase 1.6 percent each year between 1996 and
2020, leading to annual consumption of about 32 Tcf (618 Tg) by 2020. Demand is expected to increase in all
sectors, especially from electric utilities (EIA, 1998). However, equipment turn-over along with new and more
efficient technologies will result in a methane emission growth rate that is lower than the growth in consumption.
EPA estimates that methane emissions from natural gas systems will reach 37.9 MMTCE (6.6 Tg) by 2010, ex-
cluding possible Climate Change Action Plan (CCAP) reductions.

CCAP’s Natural Gas STAR Program, a voluntary EPA-industry partnership, has identified cost-effective tech-
nologies and practices that can reduce methane emissions. In 2010, EPA estimates that up to 10.1 MMTCE (1.8
Tg) of reductions are cost-effective at energy market prices (in 1996 US$) or $0/TCE, as Exhibit 3-1 shows.
Methane emissions could be reduced below 1990 emissions of 32.9 MMTCE (5.7 Tg) for natural gas systems if
these cost-effective technologies and practices are thoroughly implemented. More reductions could be achieved
with the addition of higher carbon equivalent values.

Exhibit 3-1: U.S. Methane Emissions from Natural Gas Systems (MMTCE)

Percent of Methane Emissions in 1997 Emission Estimates and Reductions
MMTCE Tg
Natural Gas and Oil 20% @21GWP | CH, Cost-Effective Reductions
(35.1 MMTCE) 40 -7 ) -
“+Baseline Emissions
Landfills 37% 34 +—6 Emission Levels at
Other 4% 2 5 Different $/TCE

$0
$20
$50
$100
$200

Coal 10%
23 +4

Manure 10% 17 +—3

Enteric Fermentation 19% 11
Remaining Emissions
Total = 179.6 MMTCE 6

Source: EPA, 1999.

1990 2000 2010 2020
Year
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1.0 Methane Emissions from where it is compressed and transported to distribution
. companies, often hundreds of miles away. Distribu-
Gas and Ol SyStemS tion companies take the high-pressure gas (averaging

. . . . 300 psi to 600 psi) and reduce the pressure to as low as
This section summarizes the sources of emissions from

. : a few pounds or even ounces per square inch for deliv-
oil and gas systems and describes EPAs methodolo% o Eomes businesses. an dF;n dugtry
for estimating these emissions. The section also pres- ' ' '

ents EPAs emission estimates and forecast. From wellhead to end user, the gas moves through
hundreds of valves, processing mechanisms, compres-
1.1 Emission Characteristics sors, pipes, pressure-regulating stations and other

Natural Gas. The natural gas sector is comprised Ofequment. Wheqever the gas moves through valves
g_nd joints under high pressure, methane can escape to

mission, and distribution.Methane emissions occur the atmosphere. In many instances, .gas is vented to the
ea_ltmosphere as part of normal operations. For example,

during normal operations in all sub-sectors as d ) o _
scribed in Exhibit 3-2. During production, gas exits® Major source of vented emissions are pneumatic de-

wells under very high pressure, often greater tha}ﬁices’ that operate valves using pressure in the system

1,000 pounds per square inch (psi). The gas is rout@&d bleed small amounts of gas to the atmosphere

to dehydrators, where water and other liquids are rg\_/hen valves are opened and closed. Another example

moved, and then to small-diameter gathering lines focrnc venting is the common industry practice of shutting

transport to either processing plants or directly intéjown_a compressor and purging the gas In the com-
interstate pipelines. Processing plants further purif?ress'On chamber to the atmosphere.

the gas by removing natural gas liquids, sulfur comOil. Most oil wells produce some natural gas, which is
pounds, particulates, and carbon dioxide. The proaisually dissolved in the crude oil stream. Methane and
essed gas, which is about 95 percent methane, is thather volatile hydrocarbon compounds dissolved in oil
injected into large-diameter transmission pipelinegscape the solution as the oil is processed and stored in

four major sub-sectors: production, processing, tran

Exhibit 3-2: Sources of Methane Emissions from Qil and Gas Activities (1997)

Percent of Crude Ol Industry Percent of

Natural Gas Industry

Industry Sector o Total and . Total and

Sources of Emissions Sources of Emissions
Amount Amount

Production Wellheads, dehydrators, separators, 25% Wellheads, separators, venting  49%
gathering lines, and pneumatic devices 8.4 MMTCE and flaring, other treatment 0.7 MMTCE or

or15Tg equipment 0.13Tg

Processing Compressors and compressor seals, 12% Waste gas streams during 2%
piping, pneumatic devices, and processing 4.1 MMTCE  refining 0.1 MMTCE or
equipment or0.7 Tg 0.01Tg

Transmission & Compressor stations (blowdown vents, 37% Transportation tanker 48%

Storage compressor packing, seals, valves), 12.4 MMTCE operations, crude oil storage 0.7 MMTCE or
pneumatic devices, pipeline maintenance, or 2.2 Tg tanks 0.13Tg
accidents, injection/withdrawal wells,
pneumatic devices, and dehydrators

Distribution Gate stations, underground non-plastic 26% Not applicable
piping (cast iron mainly), and third party 8.6 MMTCE
damage orl5Tg

Total 33.5 MMTCE 1.6 MMTCE or

or58Tg 0.27Tg

Totals may not sum due to independent rounding.
Source: EPA, 1999.
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holding tanks before being transported off the well site.  emission estimates. Examples of drivers include
Depending on how much gas is associated with the oil, gas sales, miles of distribution main, humber of
field operators may install equipment to capture and wells, and hours of compressor operations. In

sell much of the gas. some cases, the relationship between activity fac-
o _ _ tor drivers and emission estimates may be indirect.
1.2 Emission Estimation Method For example, to estimate emissions from glycol

The method for estimating emissions from natural ~ dehydrators, EPA first estimates an average num-
gas systems is different from the method for oil  ber of dehydrators per well. The number of wells,
systems. These methods are described below. I.e., the activity factor driver, is updated annually
and used to update emissions from glycol dehy-

_ drators. EPA obtains activity driver data from
EPA relies on three types of data to generate the annual EIA, API, AGA, and other industry sources.

methane emission inventory: emission factors, activity

factors, and activity factor drivers. These elements a/@Ppendix Ill, Exhibits lIl-1 and IIl-2 summarize the
described below: emission factors, activity factors, and activity factor

drivers used in this analysis.

1.2.1 Natural Gas System Emissions

> Emission Factors. Emission factors describe the
rate of methane emissions measured or estimatdde emission inventory estimate begins with a func-
at a piece of equipment or facility during normaltional segmentation of the industry and the activities
operations. The source of the emission factors istRat occur within each segment: production, process-
detailed studyMethane Emissions from the Natu-ing, transmission and storage, and distribution (See
ral Gas Industry sponsored by EPA and the GasExhibit 3-2). For each segment, EPA estimates emis-
Research Institute (EPA/GRI, 1996). Based ofions by multiplying emission factors (EF) by associ-
this study, EPA has developed emission factors faited segment-wide activity factors (AF) as shown in
about 100 sources within the natural gas industrjis formula:
e.g., gas well equipment, pipeline compressors
and equipment, and system upsets.

> Activity Factors. Activity factors are statistics on 11€ multi-volume EPA/GRI reportMethane Emis-
pieces of equipment or facilities that are associSions from the Natural Gas Industgnalyzes emis-
ated with given emission factors. Examples inSions from all gas industry segments for the year 1992
clude number of wells, miles of pipe of a similar@d sums these emissions. EPA uses this estimate for
type and operating regime, or hours of operatiof’® 1992 national estimate. For the period 1990 to

by compressor type. Activity factors are critical 1997, EPA uses the activity factor drivers to adjust the
for extrapolating from a limited set of emission 1992 estimate to reflect annual changes in the industry.

measurements at individual pieces of equipment tgyhile EPA annually adjusts activity factors to reflect
Iarger facilities and uItimater to the entire indUS-year-to.year Changes in the industry’ emission factors
try. The EPA/GRI study developed activity fac- are treated differently. For the period 1990 to 1995,
tors corresponding to the emission factors. Addithe emission factors are held constant. However, EPA
tional sources of activity data are publicationsassumes that a gradual improvement in technology and
from the Energy Information Administration practices along with equipment replacement will lower

(EIA), American Petroleum Institute  (API), emission factors by a total of five percent between
American Gas Association (AGA), and others. 1995 and 2020.

Total emissions = EF x AF

> Activity Factor Drivers. Activity factor drivers

are used to adjust the magnitude of activity factor

from year to year consistent with gas market and he current estimates of methane emissions from the
industry changes in order to update or forecadiil industry depend on emission factors and activity

5.2.2 Oil Industry Emissions
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factors based on broad categories of activities in the dlhe methane content of hydrocarbon vapors emitted
industry and not on a detailed, bottom-up approach dom crude oil is multiplied by the crude oil tanker
used for the natural gas sector estimates. The major béndling estimates. Data on crude oil stocks, crude oil
sector activities are summarized in Exhibit 3-3. production, utilization, and imports are obtained from

Production Field. Emission factors for oil production EIA (1991-96, 1997).

are taken fromAnthropogenic Methane Emissions inVenting and Flaring. Of the five activity categories,
the United States: Estimates for 1990, Report to Corventing and flaring can occur at all stages of crude oil
gress(EPA, 1993). Emission factors are multiplied byproduction and handling. However, for EPA methane
updated activity factors (for the portion of oil wells emission estimates, venting and flaring is treated as a
that do not produce associated gas) as reported by Adtlparate activity. Data from EIA (1991-96, 1997) indi-
(1997). cate that venting and flaring activities have changed
over time for a variety of reasons. Given the consider-
able uncertainty in the emission estimate for this cate-
ory, and the inability to discern a trend in actual emis-
lons, the 1990 emission estimate is used for the years

Crude Oil Storage Baseline emissions from crude
oil storage are from Tilkicioglu and Winters (1989),
who developed emission factor estimates by analyzi
a model tank battery facility. These emission factor
are applied to published crude oil storage data to es”[%-9 91-1997.

mate total emissions across the industry. Crude diPA is revising the method for estimating methane
storage data are obtained from the Department of Eemissions from oil production so that it will be more
ergy (EIA, 1991-97). similar to the approach for natural gas systems. The
Refining Waste Gas Streams Tilkicioglu and Win- revised approach, basgd on EPA and API yvqu (1997),
ters estimated national methane emissions from wastg > & .much mf”e dlsaggregated_ Qescrlptlon _Of_ the
gas streams based on measurements at ten refinercerg'.CI e ol produ'cfuon sgctor and activity and emission
These data were extrapolated to total U.S. refinerg’m_tors for specific equipment to generate the emission
capacity to estimate total emissions from waste gasstlrpates. EPA egpects 0 emp'loy the nevy method for
streams for 1990. To estimate emissions for 1991 PA_S 199_8 U.S. inventory estimates which will be
1996, the 1990 emission estimates were scaled usiHHbI'Shed In 2000.

updated data on U.S. refinery capacity (EIA, 1991-961_3 Emission Estimates

1997).
. . . . This section presents the current emission estimates
Transportation. EPA uses proxies to estimate emis-,

) . for natural gas and oil systems and a forecast of emis-
sions from cryde tgnker operations. For domes'qgi ons from natural gas systems.

crude, the estimate is for Alaskan crude offloaded in
the continental U.S.; for imports, the estimate is for the
total imported less imports from Canada. An emission

factor from Tilkicioglu and Winters (1989) based on

Exhibit 3-3: Oil Industry Activities for Current Emission Estimates

Activity Description

Production Field Fugitive emissions from oil wells and related production field treatment and separation
equipment

Crude Oil Storage Crude oil storage tanks emit methane when oil is cycled through the tanks and hydro-
carbons escape solution

Refining Waste Gas Streams A variety of sources within refinery operations emit gas

Transportation (Tanker Operations)  Emissions occur as tankers are loaded and unloaded

Venting and Flaring Gas that cannot be captured during production is vented or flared
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1.3.1 Current Emissions and Trends From 1990 to 1997, methane emissions from oil sys-

U.S. natural gas systems emitted 33.5 million metri¢gem activities remained relatively constant at approxi-
tons of carbon equivalent (MMTCE) or 5.8 Teragramgnately 1.6 MMTCE (0.3 Tg). Currently, no CCAP
(Tg) of methane in 1997 or about 19 percent of totdProgram is devoted to reducing methane emissions
U.S. anthropogenic methane emissions, as Exhibit 3fBom oil systems; however, the Natural Gas STAR
shows. These methane emissions from gas systefgram includes BMPs that reduce methane emis-
account for about one percent of the natural gas cofions from oil systems. Exhibit 3-5 presents the emis-
sumed in the U.S. in 1997. Emissions have increas&Pn estimates from oil systems. EPA is revising the
slightly from 1990 reflecting an increase in the numbegstimation method for oil systems and expects esti-
of producing gas wells and distribution pipeline mile-mates to increase.

age. The increase in emissions was slowed by the o

emission reductions reported by Partners in EPAY-3.2 Future Emissions and Trends

Natural Gas STAR Program, one of the U.S. Climat®atural Gas. Future emissions from natural gas sys-
Change Action Plan (CCAP) programs. The Naturdiems are estimated by forecasting both emission fac-
Gas STAR Program was initiated in 1994 and work#ors and activity factors from the 1992 base year fac-
with natural gas and oil companies to identify andors developed by EPA and GRI (1996). As noted
promote Best Management Practices (BMPs) andbove, EPA assumes that emission factors decline by a
Partner Reported Opportunities (PROs) that redudétal of five percent between 1995 and 2020 as the

methane emissions cost-effectively. existing stock of equipment is gradually replaced with
newer and more efficient equipment.

Exhibit 3-4: Methane Emissions from Natural Gas Systems (MMTCE)

Source 1990 1991 1992 1993 1994 1995 1996 1997
Production 8.0 8.2 8.5 8.7 8.8 9.1 9.5 9.5
Processing 4.0 4.0 4.0 4.0 4.2 4.1 4.1 4.1
Transmission/Storage 12.6 12.7 12.9 12.6 12.5 12.5 12.4 12.7
Distribution 8.3 8.4 8.6 8.8 8.7 8.7 9.1 8.9
Sub-Total 32.9 333 339 34.1 34.2 34.3 35.0 35.1
CCAP Reductions? - - - - 0.7) (1.2) (1.3 (1.6)
Total 329 33.3 339 34.1 335 33.2 337 335

a CCAP reductions are from the Natural Gas STAR Program.
Totals may not sum due to independent rounding.
Source: EPA, 1999.

Exhibit 3-5: Methane Emissions from Qil Systems (MMTCE)

Source 1990 1991 1992 1993 1994 1995 1996 1997
Production 0.14 0.14 0.14 0.14 0.14 0.13 0.13 0.13
Crude Oil Storage 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Transportation 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.06
Refining 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.05
Venting & Flaring 1.32 1.32 1.32 1.32 1.32 1.32 1.32 1.32
Total 1.56 1.56 1.56 1.56 1.56 1.55 155 1.55

Totals may not sum due to independent rounding.
Source: EPA, 1999.
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The principal drivers of future activity factors are the  (hours in service per year), EPA generates emis-
levels of gas consumption and domestic production, sion estimates based on the pipeline throughput
including the necessary expansions in industry infra- necessary to meet projected consumption. An in-
structure to meet these market levels. Using the con- crease in customers leads to an increase in pipe-
sumption and production forecasts from the EMs line mileage. Emission increases from storage op-
nual Energy OutlooKEIA, 1998), EPA estimates the erations and related equipment are associated with
changes in infrastructure necessary to meet these con- growth in consumption.

sumption and production levels. Exhibit 3-6 presents_
forecasts of baseline methane emissions from natural
gas systems through 2020. Unless actions are taken to
reduce emissions, natural gas systems will emit 13
percent more methane in 2020 than in 1992, mostly
due to growth in natural gas consumption and the as-
sociated growth in infrastructure. The forecast meth-
odology is described below.

Distribution Sector. The major sources of emis-
sions from the distribution sector are gate stations,
metering and pressure regulating equipment, and
cast iron and unprotected steel distribution pipe.
Emissions depend on the number of customers,
consumption, and the rate of cast iron and unpro-
tected steel pipe replacement. The forecast
method uses consumption and pipe replacement
> Production Sector. Methane emissions from statistics to estimate future distribution activity

natural gas production depend on the number of factors (EPA/GRI, 1996).

wells needed for the forecast level of productiorb".

d the location of th ls. i ina ch EPAs current forecast of emissions from oil sys-
and the location of the wells, since operating chat, ,\. 1 5 \MTCE in 2010, 1.7 MMTCE in 2020—
acteristics and equipment profiles vary by region

is being revised. The new estimate will reflect that

E(_I:SA AI\L/JIS(:S tr,:.e Ctaatsh Systekr)n S ?‘nal?lls'SG'\SAX&ellnethane emissions from oil systems are directly pro-
( ) to estimate the number of wells. ortional to the overall size of the petroleum industry.

represgnt§ over 16,000 reservoirs, the entire g E expects U.S. demand for petroleum products to
f[rans.rmssmn network and gas markets, and | row by 1.2 percent annually between 1996 and 2020,
identifies the number of wells needed to generat

_ om 18.4 million barrels per day in 1996 to 24.3 mil-
the forecast output and the location of these We"‘TTon barrels per day in 2020 (EIA, 1998)

From these forecasts, EPA estimates the emissions

associated with ancillary well equipment, such a§ 4 Emission Estimate Uncertainties

dehydrators, separators, heaters, and meters.
Natural Gas. Uncertainties in the emission estimates

> Progessing Sector. Pr.ocess.ing. and  related grem from the size, complexity, and heterogeneity of
equipment associated with emissions are scaled {Re infrastructure of the U.S. natural gas industry. In

domestic production. this analysis, the estimate of methane emissions from
> Transmission and Storage SectorTransmission hatural gas systems is accurate to within plus or minus
and storage emissions are related to forecasts 4 percent. The estimate of overall accuracy is based
domestic consumption (sum of net production an@n separate assessments of the uncertainties sur-
imports). For compressors and their operationgounding each activity factor and emission factor used

Exhibit 3-6: Projected Baseline Methane Emissions from Natural Gas Systems (MMTCE)

Source 2000 2005 2010 2015 2020
Production 9.2 9.8 10.6 11.1 10.8
Processing 4.2 4.4 4.6 4.6 4.8
Transmission 135 13.7 14.0 14.3 14.6
Distribution 8.8 8.8 8.8 8.7 8.7
Total 35.6 36.7 379 38.7 38.8

Totals may not sum due to independent rounding.
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in developing the emission estimate. The total unceR.2 Cost Analysis of Emission
tainty range is the sum of the individual uncertainties Reductions

for each emission source. The objective of the cost analysis is to develop a

Oil. Compared to the natural gas industry, greater umrarginal abatement curve (MAC) from the available
certainties are associated with all aspects of the metbptions for reducing methane emissions. The MAC is
ane emission estimates for the oil industry. EPA bepresented as a schedule of emission reductions that
lieves that the current estimation method significantlgould be obtained at increasing values for methane.
understates emissions and that methane emissions nf&e analysis considers the value of methane as the
be four to five times greater than the estimated 1.6um of its market value as natural gas and a market
MMTCE (0.3 Tg) presented here. As noted above, thealue for emission reductions represented in dollars
method for estimating methane emissions from petrgeer metric ton of carbon equivalent ($/TCE)The
leum systems is being updated. MAC is based on a discounted cash flow analysis of
the reduction options listed in Exhibit 3-7. The steps
in this analysis are described below.

2.0 Emission Reductions Step 1: Characterize the Reduction OptionsEach

This section describes how EPA estimates the cc
and benefits of achieving emission reductions at ¢
ferent potential values for methane.

Exhibit 3-7: Methane Emission Reduction Options

Natural Gas STAR Best Management Practices
The value . Replace or repair high-bleed pneumatic devices with low-

abated methane is the market price of the methan bleed devices
natural gas, in $MMBtu, and also may include a ¢ v*  Practice directed inspection and maintenance at
bon equivalent value for emission reductions, if ave compressor stations

v' Install flash tanks on glycol dehydrators

V' Practice directed inspection and maintenance of gate
stations and surface facilities

v Replace cast iron distribution mains with steel or plastic pipe

v Replace cast iron distribution services pipe with steel or
plastic pipe

Natural Gas STAR Partner-Reported Opportunities

v Practice directed inspection and maintenance at production

sites, processing sites, transmission pipelines, storage

wells, and liquid natural gas stations

Practice enhanced directed inspection and maintenance,

i.e., more frequent survey and repair at production sites,

surface facilities, storage wells, offshore platforms, and

compressor stations

v Install electric starters on compressors

able. The analysis only assesses reductions fi
natural gas systems and does not include oil systen

2.1 Technologies for Reducing
Methane Emissions

A number of technologies and practices have be
identified that can reduce methane emissions fri
natural gas systems. EPA and the natural gas indu
through the Natural Gas STAR Program, have idel
fied several Best Management Practices (BMPs) t
are cost-effective in reducing methane emissions. -
Natural Gas STAR Program has sponsored a serie
Lessons Learned Studies of these BMPs and se\v

other practices. These studies provide detailed in : Instal plunger s at producton wels .
. L. ) Use capture vessels for blowdowns at processing plants
mation on the costs of achieving methane emiss and other facilities
reductions (EPA, 1997a-h). In addition, companiestl v |nstall instrument air systems
are Natural Gas STAR Partners have identified otl v Replace/repair chemical injection pumps
practices that also reduce methane emissions. The v Use portable evacuation compressors for pipeline repairs
analysis described herein is based on the BMPs v Install catalytic converters on compressor engines
Partner-Reported Opportunities (PROs) listed v Conduct electronic metering at gate stations
Exhibit 3-7. More details of these BMPs and PR( ¥ Instal fgel gas retrofit systems on compressors to capture
are found in Appendix Ill, Exhibits-3 and lll-4. ) otherW|se.vented fuel when Compressors are taken off-line
Install static seal systems on reciprocating compressor rods
v Install dry seal systems on centrifugal compressors
v Reduce circulation rates on glycol dehydrators

U.S. Environmental Protection Agency - September 1999
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option for reducing methane emissions is defined istep 2: Calculate Break-Even Gas PricesA dis-

the following terms: the emission source to which itcounted cash flow analysis is performed for each emis-
applies; capital cost; the number of years that thsion reduction option to estimate the price of natural
capital equipment lasts (typically 5 to 15 years degas needed to offset the cost of the option for reducing
pending on the technology); annual operating andmissions. The analysis is conducted from the per-
maintenance costs; and its efficiency, i.e., achievablgpective of a private decision-maker in the natural gas
emission reduction (up to 100 percent). industry. Exhibit 3-8 shows the financial assumptions

The options are matched to emission source definitior!ijssed'

in the emission inventory analysis (EPA/GRI, 1996)Step 3. Estimate Cost-Effective Emission Reduc-

In addition, in some cases the technologies and praiens for Each Option. The analysis compares the
tices must be considered in proper order. For exampleeeded break-even price for each methane reduction
when identifying potential emission reductions fromoption against the total value of the abated methane
glycol dehydrators (which remove water during naturalvhich is the sum of the market value of gas and any
gas processing), the option of reducing the glycol reemission reduction values. If the value for the abated
circulation rate must be considered before the highemethane (revenue) is equal to or greater than an
cost option of installing flash tanks. EPA assumes thaiption’s cost, that option is considered cost-effective.
lower-cost options are implemented first, and so th®verall for the gas industry, about one-third of the
potential emission reductions from flash tanks depenbaseline emissions in 2010 can be cost-effectively
on the remaining volume of emissions after glycol rereduced at the market value of gas alone, that is, with
circulation rates have been reduced. In this way, relao additional carbon equivalent values or $0/TCE.
tionships are defined so that incremental emission rédore reductions could be achieved with the addition
ductions are analyzed for each option. In Appelticix of higher carbon equivalent values. The estimates of
Exhibits IlI-5 and 111-6 list the data used to define theachievable reductions are option-specific, which
reduction options. means they are also sector-specific.

Options can be applied in different segments of th&tep 4: Generate the Marginal Abatement Curve.
industry and in different settings within each segmeniThe MAC is derived by rank ordering the cost-
For example, replacing high-bleed pneumatic devicesffective individual opportunities at each combination
with low-bleed pneumatic devices is applicable in thef gas price and carbon-equivalent emission reduction
production, transmission, and distribution sectorsvalues. The MAC can also be called a cost or supply
Within each sector, pneumatic devices can be appliealirve since it shows the cost per emission reduction
at sites with high or low volume throughput. amount.

Exhibit 3-8: Financial Assumptions for Emission Reduction Analysis

Parameter Description

Value of Gas Saved (1996 US$) Wellhead: $2.17 / MMBtu
Pipeline: $2.27 / MMBtu
Distribution citygate: $3.27 / MMBtu

Discount Rate 20 percent real

Project Lifetime 5 years

Tax Rate 40 percent

Capital Costs Vary with equipment

Depreciation Period Maximum 5 years for large investments; 1 year for small investments
Operating & Maintenance Costs Expressed as annual costs
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2.3 Achievable Emission Reductions acteristic by using three sector-specific natural gas
and Marginal Abatement Curve prices: $2.17/MMBtu for wellhead, for $2.27/MMBtu

Exhibit 3-9 presents the cumulative emission reducf-0 r pipeline, and $3.27/MMBtu for citygate.

tions for selected values of carbon equivalent in 2000Vhile a limited number of options are considered,

2010, and 2020. Exhibit 3-10 illustrates how the techapplying these options to various segments of the in-
nologies and practices for reducing methane emissionasistry (with corresponding different gas values) and to
are applied to the natural gas industry. Given the gelifferent equipment types results in the evaluation of
neric nature of some of the options, e.g., directed irt18 opportunities to reduce emissions. Appendix Il

spection and maintenance (DI&M), the options carExhibit Ill-7 provides a full list of thesepportunities.

have different cost and savings when applied to ClifrerExhibit 3-11 is derived from Exhibit 3-10 and presents

ent sgctors of th.e industry, and within sectors to dlffert-h e MAC showing the additional amounts of abated
ent kinds of equipment.

methane per increases in the price of natural gas—the
left vertical axis—and additional carbon equivalent

Exhibit 3-9: Emission Reductions at Selected Values values ($/TCE)—the right vertical axis. The horizon-
of Carbon Equivalent in 2000, 2010, and 2020 (MMTCE) tal axis is the amount of abated methane.
2000 2010 2020

Baseline Emissions 356 379 38.8 The energy market price, $2.43/MMBtu in 1996,

cumulative Reductions is aligned to $0/TCE. At $0/TCE, no additional
at $O/TCE 101 10.8 11.0 price signals exist from carbon equivalent values
at $10/TCE 116 124 127 to motivate emission reductions; all emission re-
at $20/TCE 117 125 12.8 ductions are due to a response to the price of natu-
at $30/TCE 125 13.3 13.6 ral gas. As a value is placed on avoided emissions
at $40/TCE 125 13.3 13.6 in terms of $/TCE, these values are added to the
at $50/TCE 14.4 15.3 15.6 energy market prices and allow for additional
at $75/TCE 15.3 16.3 16.7 emissions to clear the market. The “below-the-
at $100/TCE 17.4 184 18.9 line” amounts, with respect to $/TCE, illustrate
at $125/TCE 18.0 19.2 19.6 this dual price-signal market.
at $150/TCE 18.1 19.2 19.7 While the detailed analysis uses three different natural
at $175/TCE 18.1 19.2 19.7 . . .
at $200/TCE 181 19.3 19.7 ga; prices to reflect the increasing value of naf[ural gas

Remaining Emissions 175 186 191 as it moves through the system, these three prices were

averaged into a single price of $2.43/MMBtu to sim-
Op]lify Exhibit 3-10. Average natural gas prices were

is higher when applied to operations that have great@l’so used to calculate carbon equivalent values and

opportunities to reduce emissions, ie., componenféjmmat've emission reductions in Exhibit 3-10. Sec-

with high throughputs and components that operatté’r'SpeCiﬁC natural gas prices were used to calculate

continuously versus intermittently.  For example,
among meter and regulating stations in the distributiomhe MAC shows that approximately 30 percent of

sector, DI&M is more cost-effective at larger stationsbaseline emissions can be cost-effectively reduced at
with greater flows of gas than at smaller stations. $2.43/MMBtu, the average market natural gas price.

The value of natural gas to the system operator alé%t gpprr(])xmately $1OO/TCI_E’ the MAC, b ecomes'lne;]
affects the cost-effectiveness of an emission reductic!ﬂsuc’ that s, non-responsive to any increases in the

option. Broadly speaking, natural gas is least valuabféalue fqr apated methane. Further reductions in met.h-
at the wellnead, i.e., the production sector, and moge emissions beyond about 50 percent of the baseline

valuable in the citygate market, i.e., the distributiorf® limited given the current set of options evaluated

sector. The cost analysis recognizes this market ché?—ee below).

The cost effectiveness of an emission reduction opti

incremental emission reductions.
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Exhibit 3-10: Schedule of Selected Methane Emission Reduction Options in 2010

Based on Sector-Specific Based on Industry Average

Natural Gas Prices Natural Gas Price
; Value of
Option Break-Even Incremental | Carbon  Cumulative La:)bnel
Gas Price  Reductions | Equivalent Reductions MAC
(MMTCE) ($/TCE)  (MMTCE)
Install fuel gas retrofit systems on compressors to capture $0.12 0.42 ($21.06) 0.47 At
otherwise vented fuel when compressors are taken off-line
Replace high-bleed pneumatic devices with low-bleed $0.20 0.59 ($20.28) 0.78 Bt

pneumatic devices (applies to high-bleed, continuous-bleed

pneumatic devices)

Reduce glycol circulation rates in dehydrators (not applicable $0.45 0.28 ($18.03) 3.76 Ct
to Kimray pumps, this option applies to dehydrators with gas

assisted pumps but without flash tanks)

Practice directed inspection and maintenance at gate stations ~ $0.75 0.14 ($15.26) 487 Dd
and surface facilities

Replace high-bleed pneumatic devices with low-bleed $1.00 0.90 ($13.02) 7.13 Bp
pneumatic devices (applies to high bleed, intermittent bleed

devices)

Install reciprocating compressor rod packing (Static-Pac) $1.81 0.06 ($5.61) 9.54 Et
Install dry seals on centrifugal compressors $1.91 0.12 ($4.73) 9.93 Ft
Replace high-bleed pneumatic devices with low-bleed $2.50 0.68 $0.63 10.78 Bp

pneumatic devices (applies to medium-bleed, intermittent-
bleed devices)

Install flash tank separators $3.42 0.02 $9.01 11.66 Gt
Conduct electronic monitoring at large surface facilities only $4.84 0.06 $21.87 12.72 Ht
Replace high-bleed pneumatic devices with compressed air $7.21 0.32 $43.46 13.79 Ip
systemsa (applies to high-bleed, intermittent-bleed devices)

Replace high-bleed pneumatic devices with compressed air $9.68 0.10 $65.97 15.57 It
systemsa (applies to high-bleed turbine devices)

Replace high-bleed pneumatic devices with compressed air $12.34 0.78 $90.15 18.42 It
systemsa (applies to low-bleed, continuous-hleed devices)

Replace high-bleed pneumatic devices with compressed air $14.77 0.22 $112.20 18.45 Ip
systemsa (applies to medium-bleed, intermittent-bleed

devices)

Replace higher-bleed pneumatic devices with lower-bleed $18.00 0.01 $141.56 19.22 Bp
pneumatic devices (applies to low-bleed, intermittent-bleed

devices)

Replace high-bleed pneumatic devices with compressed air $20.81 0.04 $167.11 19.26 It
systemsa (applies to medium-bleed turbine devices)

Practice directed inspection and maintenance at production $25.88 0.02 $213.24 19.29 Dp
sites

a This option is coordinated with the option of replacing high-bleed pneumatic devices with low-bleed pneumatic devices.
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Exhibit 3-11: Marginal Abatement Curve for Methane Emissions from Natural Gas Systems in 2010

Abated Methane (% of 2010 Baseline Emissions of 37.9 MMTCE)
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0 2 4 6 8 10 12 14 16 18 20
Abated Methane (MMTCE)
LEGEND
Emission Reduction Options
A fuel gas retrofit
B = replace higher-bleed pneumatic devices with lower-bleed devices
C = reduce glycol circulation rates in dehydrators
D = directed inspection and maintenance (DI&M)
E = reciprocating compressor rod packing (Static-Pac)
F = dry seals on reciprocating compressors
G = flashtank separators
H = electronic monitoring at large surface facilities
I = replace high-bleed pneumatic devices with compressed air
Natural Gas Industry Sectors
p = applied to the production sector
t = applied to the transmission sector
d = applied to the distribution sector
Note: More than one point can have the same code because the same emission
reduction option can be applied to different components of a sector.
2.4 Reduction Estimate Natural Gas STAR Program, the study has not in-
Uncertainties and Limitations cluded the possibility that other technologies will be

The two major areas of uncertainty related to the
MAC are: (1) an exclusive focus on currently avail-
able technologies; and (2) a lack of data on some of
the technologies currently used by industry. By fo-
cusing on options that have been reviewed by the

developed in the future that can further reduce meth-
ane emissions more efficiently. In addition, data on
the PROs is incomplete in many cases. EPAs Natu-
ral Gas STAR Program has an ongoing effort to de-
velop more detailed analyses of these opportunities.
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4.0 Explanatory Notes

! Equation to calculate the equivalent gas price for a given value of carbon equivalent:

$ 10°TCE 573MMTCE Tg 192gCH, ft 10° Btu $
« _

X X X 2 3 X =
TCE MMTCE TgCH, 10%g ft CH, 1000Bt MMBtu MMBtu

3

Where:  5.73 MMTCE/Tg Cll= 21 CQ/CH, x (12 C /44 CQ)
Density of CH = 19.2 g/ff
Btu content of Ci= 1,000 Btu/ft
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4. Coal Mining

Summary

EPA estimates 1997 U.S. methane emissions from coal mines at 18.8 MMTCE (3.3 Tg), accounting for 10 percent
of total U.S. anthropogenic methane emissions (see Exhibit 4-1). Methane, formed during coalification, is stored

in coal seams and the surrounding strata and released during coal mining. Small amounts of methane are also re-
leased during the processing, transport, and storage of coal. Deeper coal seams contain much larger amounts of
methane than shallow seams. Accordingly, 65 percent of 1997 U.S. coal mine methane emissions were from un-
derground mines, even though underground mines accounted for only 39 percent of coal production.

EPA expects methane emissions from U.S. coal mines to increase faster than total U.S. coal production because
underground coal production — mined at increasingly greater depths — is projected to grow faster than surface pro-
duction. EPA estimates that methane emissions from coal mines will reach 28.0 MMTCE (4.9 Tg) by 2010, ex-
cluding possible Climate Change Action Plan (CCAP) reductions.

Methane emissions from coal mines can be reduced by methane recovery and use projects at underground mines
and by the oxidation of methane in ventilation air using hew technologies. In 1997, 14 underground U.S. coal
mines recovered and used methane, achieving annual reductions of 4.6 MMTCE (0.8 Tg). Methane recovery
technologies include vertical wells drilled from the surface or boreholes drilled from inside the mine. Depending

on gas quality, methane recovered from underground mines may be sold to natural gas companies, used to gener-
ate electricity, used on-site as fuel for drying coal, or sold to nearby industrial or commercial facilities. The oxidi-
zation of coal mine ventilation air produces heat that can be used directly on-site or to produce electricity. Coal
mines in the U.S. do not currently use the oxidization technology, but it has been successfully demonstrated in
Great Britain.

The Coalbed Methane Outreach Program (CMOP), a voluntary EPA-industry partnership, has identified cost-
effective technologies and practices that could reduce projected 2010 U.S. coal mine emissions by 10.3 MMTCE
(1.8 Tg). EPA estimates that with a value of $20/TCE for abated methane added to the energy market price, U.S.
coal mine methane emissions could be reduced by 13.1 MMTCE (2.3 Tg) in 2010 as shown in Exhibit 4-1 below.

Exhibit 4-1: U.S. Methane Emissions from Coal Mining (MMTCE)

Percent of Methane Emissions in 1997 Emission Estimates and Reductions
Coal 10% (18.8 MMTCE MMTCE | Tg
Other 4% oal 10% ( ) @216wWP| CH, . .
3416 Cost-Effective Reductions
g:;ugaill Gas Manure 10% » Baseline Emissions
20% 29—+5 \4

Emission Levels at
Different $/TCE

$0
$20
$50

2314

Enteric
Fermentation
19% - N

Landfills
37% 114

Total = 179.6 MMTCE
Source: EPA, 1999. 6

Remaining Emissions

1990 2000 2010 2020
Year
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1.0 Methane Emissions from trations of methane) is then vented to the atmosphere
.. through ventilation shafts or bleeders.
Coal Mining

Degasification systems, which are vertical wells drilled

Methane and coal are formed together during coalifffom the surface or boreholes drilled within the mine,
cation, a process in which plant biomass is convertdgmove methane contained in the coal or surrounding
by biological and geological forces into coal. Meth-Strata before or after mining so that it does not enter
ane, stored within coal seams and the surroundir{ﬁe mine. In contrast to ventilation systems, degasifi-
strata, is liberated when pressure above or surroundifigtion systems recover methane in high concentrations
a coalbed is reduced as a result of natural erosiofnging from 30 to over 90 percent, depending on the
faulting, or underground and surface mining. Smalflegasification technique and coal geology.

amounts of methane also are liberated during the progyface Mines. Surface mining is used to mine coal
essing, storage, and transport of coal (referred t0 @ated at shallow depths. Because the coalbed at sur-
post-mining emissions). Abandoned underground cogce mines has little overburden, little pressure exists
mines also contribute to the total amount of methang keep methane in the coal. Hence, coal at surface
liberated. This section summarizes the sources @fines tends to have a low methane content. As over-
methane emissions from coal mining and details thg,rden is removed and the coal seam is exposed dur-
methodologies EPA uses to estimate current and futur,gg surface mining, methane is emitted directly to the
methane emissions. The uncertainties associated Wﬁﬂnosphere. Although surface mines accounted for
these estimates are also presented. over 61 percent of U.S. coal production in 1997, they
accounted for only an estimated 14 percent of methane
emissions.

Emissions vary greatly by type of coal mine and minPost-Mining Operations. Although a significant

ing operations. This section describes the metha'?ﬁnount of methane is released from the coal seam

ermssmns res.uljung from }Jnderground MINes, Su_rfacﬁ‘uring mining activities, some methane remains in the
mines, post-mining operations, and abandoned MIN€Ssoal after it is removed from the mine. This methane

Underground Mines. Deeper coal seams and sur-may be emitted from the coal during processing, stor-
rounding strata contain much larger volumes of methage, and transportation. The rate at which methane is
ane than shallow coal seams. Geologic pressuremitted during post-mining activities depends on the
which increases with depth, holds more methane ipharacteristics of the coal and the way it is handled.
place. Additionally, coal mined underground tends td-or instance, the highest releases occur when coal is
have a higher rank or carbon content, which correlateushed, sized, and dried for industrial and utility uses.
to a higher methane content. Post-mining emissions can continue for months after

. . mining.
As a safety precaution, all underground coal mines g

with detectable methane emissions must use ventil&bandoned Mines. Abandoned underground coal
tion systems to ensure that methane concentrationgnes are also a source of emissions. A few gas de-
remain below one percent methane in the air of mingelopers are recovering and using methane from aban-
workings' Methane is explosive at concentrations ofdoned mines. EPA is conducting further research into
five percent or greater; thus for safety reasons miriis emission source. The current emission estimates
workings are operated at methane levels well belowo not include emissions from abandoned mines.

the five percent threshold. Ventilation systems consisg;, majority of methane emissions from coal mining
of large fans that draw vast quantities of air into min%re from a few very large and gassy, i.e., high-emitting
workings to lower methane concentrations. The Verhnderground mines. The most gassy 125 (of 573) un-
tilation air (extracted mine air containing low concen-derground coal mines account for over 97 percent of
underground methane liberated and about 65 percent

1.1 Emission Characteristics
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of methane liberated from all coal mines. Futurgrovides the basis for EPAs method of estimating
trends at these gassy mines, including the potential fanethane emissions from ventilation systems. First,
methane recovery and use, will have a large impact dfPA estimates annual methane emissions for each

future emission levels. mine by multiplying the daily average by 365 days per
o _ _ year. Next, total annual methane emissions from ven-
1.2 Emission Estimation Method tilation systems were estimated by summing annual

Total methane emissions from coal mining are estentilation emissions from individual mines.

mated by summing methane emissions from undefrhe 1997 MSHA database includes methane emission
ground mines, surface mines, and post-mining actividata for over 500 of the estimated 950 underground
ties. mines in the United States. Those mines not listed in

the MSHA database do not have detectable levels of

1.2.1 Underground Mines methane and the emissions from this group of mines
Methane liberated from coal mines includes emissiongre assumed to be negligible.

from ventilation and degasification systems. Som(%_ h thodoloav f fimati filati o
coal mines recover and use the methane collected fr € methodology Tor estimating ventiation emissions

0 ; L .
degasification systems. Accordingly, this portion is]%]r the years prior to 1997 is slightly different than the

subtracted from total methane liberated to determin%pproaCh used for 199_7 (see Exhibit 4-2,)' Th? 1997
methane emitted from underground mines. MSHA database con.talps data for all mines with de-
tectable methane emissions, and, consequently, reports
Ventilation Systems As mentioned previously, all on 100 percent of all ventilation emissions (MSHA,
underground coal mines with detectable methangggg). The MSHA data indicates that 97.8 percent of
emissions must use ventilation systems to ensure th@ntilation emissions come from mines emitting at
methane concentrations remain within safe levelseast 0.1 million cubic feet per day (MMcf/d) and 94.1
Ventilation air typically contains methane concentrapercent of total emissions come from mines emitting at
tions below one percent. The Mine Safety and Healtfpast 0.5 MMcf/day. EPA uses these estimates to pro-
Administration (MSHA) measures methane emissiongate other data that are only representative of the mines
from ventilation systems on a quarterly basis. Baseghitting methane above these levels. For example, the
on these measurements, MSHA estimates averagetimates for 1990, 1993, and 1994 are based on a U.S.
daily methane emissions for each underground mirBureau of Mines database that reported mine-specific
(MSHA, 1998). For 1997, MSHA compiled the aver-information for all mines emitting at least 0.1 MMcf/d

age daily methane emissions for all mines with detectrom their ventilation systems (DOI, 1995). Similarly,
able methane emissions into a single database, which

Exhibit 4-2: Approach Used to Estimate Ventilation Emissions
Year Data/Method Used

1990 U.S. Bureau of Mines database listing all mines with ventilation emissions greater than 0.1 MMcf/d. EPA adjusted
total emissions to account for mines not included in the database. Assumed to account for 97.8% of total emis-
sions.

1991 Total underground coal mining emissions are estimated by using emission factors developed in 1990 and multiply-
ing those factors by 1991 coal production. Annual ventilation data are unavailable.

1992 Same approach as 1991, using 1992 coal production data.
1993 Same approach as 1990, using 1993 data. Assumed to account for 97.8% of total emissions.
1994 Same approach as 1990, using 1994 data. Assumed to account for 97.8% of total emissions.

1995 Obtained data from MSHA for all mines emitting at least 0.5 MMcf/d. Total was then adjusted to account for mines
for which data were not collected. Assumed to account for 94.1% of total emissions.

1996 Same approach as 1995, using 1996 data. Assumed to account for 94.1% of total emissions.

1997 MSHA database containing ventilation emissions for all underground coal mines with detectable emissions. As-
sumed to account for 100% of total.
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the 1995 and 1996 data are based on MSHA minenation about their emissions from degasification sys-

specific ventilation emissions for all mines emitting attems. In other cases, EPA estimates the amount of
least 0.5 MMcf/d. Due to a lack of mine-specific methane liberated based on the type of degasification
emissions for 1991 and 1992, EPA estimates total usystem employed and mine characteristics. Exhibit 4-
derground emissions by multiplying emission factors3 shows U.S. coal mines employing degasification

based on 1990 data, by coal production in the relevasystems, the type of system employed, and the esti-
year. mated amount of methane liberated and used.

Degasification Systems In 1997, 24 U.S. coal Methane Used. Coal mines first began large scale

mines used degasification systems as a supplementuse of methane recovered from degasification systems
their ventilation systems. In the U.S., the three mogh the late 1970s. Since that time, methane recovery
common types of degasification methods are verticalnd use has increased substantially. In 1997, 14 active
wells and horizontal boreholes, drilled in advance ob.S. coal mines recovered and used or sold some or all
mining, and gob wells, drilled post mining. MSHA of the methane recovered by their degasification sys-
reports the coal mines that are employing degasificéems. For each of these mines, the quantity of methane
tion systems and the type of degasification systemecovered is indicated in Exhibit 4-3. All of these ac-

used. However, MSHA does not measure or report thére mines sell methane to natural gas companies, since
amount of methane liberated from degasification sysnethane is the principal component of natural gas. In
tems. Some U.S. coal mines provide EPA with inforaddition, one of the mines uses a portion of the meth-

Exhibit 4-3: Mines Employing Degasification Systems and Methane Use Projects in 1997

Mine Name Type of Degasification Methane Liberated from Methane Used
System Used Degas System (MMcflyear) (MMcflyear)

Buchanan No. 1 Vertical, Horizontal, Gob 10,706 10,050
VP No. 8 Vertical, Horizontal, Gob 7,951 7,687
VP No. 3 Vertical, Horizontal, Gob 7,160 6,922
Blue Creek No. 7 Vertical, Horizontal, Gob 4,883 4,883
Blue Creek No. 4 Vertical, Horizontal, Gob 3,603 3,603
Blue Creek No. 3 Vertical, Horizontal, Gob 3,057 3,057
Blue Creek No. 5 Vertical, Horizontal, Gob 2,573 2,573
Pinnacle No. 50 Vertical, Horizontal, Gob 2,356 522
Enlow Fork Gob 2,356 -
Cumberland Vertical, Horizontal, Gob 2,341 -
Blacksville No. 2 Horizontal, Gob 2,074 149
Bailey Gob 1,681 -
Oak Grove Vertical, Horizontal, Gob 1,657 1,408
Emerald No. 1 Horizontal, Gob 1,351 -
Federal No. 2 Vertical, Horizontal, Gob 1,105 197
Loveridge No. 22 Horizontal, Gob 988 74
Dilworth Gob 827 -
Robinson Run No. 95 Horizontal, Gob 750 -
Shoal Creek Vertical, Horizontal, Gob 489 440
McElroy Gob 299 -
Shoemaker Gob 261 -
Maple Meadow Gob 170 -
Baker Gob 83

Humphrey No. 7 Horizontal, Gob 19 2

Note: Although all of the mines listed above liberated methane in 1997, not all of them sold (used) the methane recovered.
Source: MSHA, 1998; Mine Owners and Operators; State Petroleum and Natural Gas Agencies’ Gas Sales Data; EPA, 1997a.
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ane recovered from gob wells as fuel for an on-sité.2.3 Post-Mining
gas-fired coal dryer. Post-mining emissions are estimated by multiplying

EPA estimates methane emissions avoided over tinR@Sin-specific coal production for surface and under-
for each U.S. recovery and use project. All of th&round mines by a factor equal to 33 percent of the
projects must report methane sales to state agencRérage basin-specific in-situ content of the coal. Dif-
responsible for monitoring sales of natural gas. EPAerent average methane in-situ values are used for sur-
uses gas sales information reported by state agencilc€ mines and for underground mines (EPA, 1993).

as well as information supplied by the coal mines, tq .
estimate the emission reductions for a particular year.'2'4 %gz;gggkzlgg; z;(;;:';t/mat/ng Future
For coal mines that recover methane while mining, the

emission reductions are estimated as the reported 9-5% estimate the amount of methane that will be liber-

sales amount, adjusted for additional methane use ?rlied from CO.a|.pI’0dUC'[IOT1 in the future, emission fac-
gas-fired compressors. tors are multiplied by estimates of future coal produc-

tion. Emission factors have been developed for under-
For projects that recover methane in advance of Migyound mines, surface mines, and post-mining activi-
ing, estimating emission reductions is more compleXjes using 1997 data. These emission factors are then
For these projects, the emission reductions are countggitiplied by projected surface and underground coal
during the year in which the methane would otherwisgroduction levels to estimate future emissions. The
have been emitted, i.e., the year during which the wefipening and closing of very gassy mines is also taken

is mined'through. The estimates are calculated baSﬁqo account since these Changes signiﬁcantly impact
on reported gas sales over time, the portion of gas sal§gerall emissions.

coming from pre-mining degasification systems, and

the number of years in advance of mining that methare3 Emission Estimates

is recovered. In some cases, the amount of gas sold_l%r. . . .
. Nis section presents estimated methane emissions

used does not equal the amount liberated from degagi- .

L . m coal mining from 1990 through 1997 and pro-

fication systems since part of the gas (up to 20 percen{ ted methane emissions throuah 2020

is simply vented (see Buchanan No. 1 in Exhibit 4-é g '

for one example). Currently, U.S. coal mines only Usq 3 1 cyrrent Emissions and Trends

methane that has been recovered from degasificati . S
systems; however, in the future, U.S. coal mines coulg A estimates that the U.S. coal mining industry
ySIems, ’ T emitted 18.8 MMTCE (3.3 Tg) of methane in 1997.
potentially use methane from ventilation system?vl. o

ining in deep coal seams accounted for 65 percent of

(EPA, 199Dy methane emitted from coal mining in 1997, totaling
1.2.2 Surface Mines 12.3 MMTCE (2.1 Tg). As shown in Exhibit 4-4,

methane emissions from coal mining declined from

With the exception of a few field studies, methanelggo to 1997. This decline is due to three main fac-

emissions from surface mines have not been measured ~ _. ;
: . o . fors. First, several gassy mines closed. These closures
or estimated on a mine-specific basis. Methane emis-

: . : _ . are due in part to reduced demand for high-sulfur coal
sions from surface mines are estimated by multiplyin

. . % response to the Clean Air Act, which places strict
surface coal production for each coal basin by a basin- . - : o

o . ) : requirements on utilities to reduce their sulfur dioxide
specific emission factor. This factor is calculated by

o L lessmns. Other mines closed due to declining coal
multiplying the average methane in-situ content of . : . .
; Prlces, while others simply reached the end of their
surface-mined coals by a factor of two to account fo

. . ) ) Productive lifetime. Second, methane recovery and
methane contained in_overlying or underlying COause has increased significantly at underground mines;
seams or other strata (EPA, 1993). g y g '

EPA estimates that the amount of emissions avoided
increased from 1.6 MMTCE (0.3 Tg) in 1990 to 4.6
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Exhibit 4-4: Methane Emissions from Coal Mining (MMTCE)

Activity 1990 1991 1992 1993 1994 1995 1996 1997
Underground Liberated 18.8 18.1 17.8 16.0 16.3 17.7 16.5 16.8
Underground Used (1.6) .7 (2.1) 2.7 (3.2) (3.4) (3.8) (4.6)
Net Underground Emissions 17.1 16.4 15.6 13.3 13.1 14.2 12.6 12.3
Surface Emissions 2.8 2.6 2.6 25 2.6 24 25 2.6
Post-Mining Emissions (Underground) 3.6 34 3.3 3.0 33 33 3.4 35
Post-Mining Emissions (Surface) 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Total 24.0 22.8 22.0 19.2 194 20.3 18.9 18.8

Totals may not sum due to independent rounding.
Source: EPA, 1999a.

MMTCE (0.8 Tg) in 1997. Third, although total coal Underground Ventilation Systems. As described
production has increased, the percentage of total prabove, methane emissions from ventilation systems are
duction from underground mines has declined slighthbased on quarterly measurements taken by MSHA at
Since underground production drives the total quantitindividual mines. To the extent that the average of the
of methane liberated from coal mines, a decline in urfour quarterly measurements are not representative of
derground production leads to a decline in metharibe true average at a given mine, average emissions at
liberated. Appendix IV, Exhibit IV-1 provides histori- a particular mine may be over- or under-estimated. In

cal and projected coal production data. addition, there are some limited uncertainties associ-
ated with the potential for measurement and reporting
1.3.2 Future Emissions and Trends errors.

Although the amount of methane liberated from coab derground Degasification Systems. MSHA
mining decreased over the past ten years, it is project%s] ,

: o ports which mines employ degasification systems
to increase between 2000 and 2020, as Exhibit 4-5 -
nd the type of degasification system used, but the

indicates. This 'prOJectlon is based on forecasted Ievezsg ency does not record the quantity of methane liber-
of coal production for both underground and surface

. developed by the E inf fion Admi ated from degasification systems. Although coal
mines developed Dy Ihe Energy Information AdMINK ihes are not required to publish methane liberation

strattion - of the U.S. Department of Energy (EIA’data, some have provided it to EPA. For other mines,
1998D). . Estimates 'fo'r 2000 may overstate undeE A has estimated methane liberated based on the type
ground liberated ermsspns because of the closure 8 degasification system employed. The uncertainty is
some very gasst mines in 1998 and 1999 that have rhcﬂjher for those mines where EPA has estimated the
yetbeen taken into account amount of methane liberated. However, EPA has more
data from gassy mines than from less gassy mines,

thereby reducing overall uncertainty.
The level of uncertainty associated with the emission

estimates varies for each of the emission sub-sources.

1.4 Emission Estimate Uncertainties

Exhibit 4-5: Projected Baseline Methane Emissions from Coal Mining (MMTCE)

Activity 2000 2005 2010 2015 2020
Underground Liberated 17.1 19.3 204 215 22.1
Surface Liberated 2.8 2.8 29 3.0 3.2
Post-Mining Liberated (Underground) 35 4.0 4.2 45 4.6
Post-Mining Liberated (Surface) 0.5 0.5 05 0.5 05
Total 23.9 26.6 28.0 29.5 30.4

Totals may not sum due to independent rounding.
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Methane Used at Underground Mines.As men- 2.1 Technologies for Reducing
tioned previously, all coal mines must report gas sales ~ Methane Emissions

to state agencies responsible for monitoring gas prR?Iethane emissions from coal mines can be reduced

duction. While little uncertainty exists associated With[ : :
. . ._through the implementation of the methane recovery
the reported gas sales, uncertainty exists associated

. . o . rand use projects described below.
with the timing of the emission reductions. For coa
mines that recover methane in advance of mining, thg 7 7 pethane Recovery
em.|SS|on reduction 'S_ agcounted for in the ygar % oal mines already employ a range of technologies for
which the coal seam is mined-through. Thus, without .
knowing th ¢ tim ; i there i recovering methane. These methods have been devel-

nowlng © exf"‘c |m|r?g ° o.perg ons, e.re_ls unf'oped primarily for safety reasons, as a supplement to
certainty associated with estimating the timing o I . e

i - ded ventilation systems. The major degasification tech-

methane emissions avoided. niques used at U.S. coal mines are vertical wells, long-
Surface Mines. Previous studies have indicated thathole and shorthole horizontal boreholes, and gob
methane emissions from surface mines are likely to heells. Exhibit 4-6 summarizes these technologies.
from one to three times greater than the in-situ conteiertical wells and in-mine horizontal boreholes, which
of the coal. EPAs emission estimation methodologyecover methane in advance of mining, produce nearly
assumes a value of two times the in-situ content of tigure methane. In contrast, gob wells, which recover
coal. Additional uncertainty is related to the estimategiost-mining methane, may recover methane that has
average in-situ content for each basin. been mixed with mine air. The quality of the gas de-

Post-Mining Emissions. The uncertainties related termines how it may be used.

to post-mining emissions are similar to those for surEven where degasification systems are used, mines
face mining emissions since a similar methodology istill emit significant quantities of methane via ventila-
used. tion systems. Currently, technologies are in develop-
ment that catalytically oxidize the low concentrations

Uncertainties Associated with Future Emis- _ S _ )
Pf methane in ventilation air producing usable thermal

sions. Future emissions are estimated for differen ‘ b duct
sub-sources by multiplying the average emissions pglea as a by-product.
ton of coal by projected future coal production IeveI32 1.2 Methane Use

Accordingly, two additional sources of uncertainty arelvI h qf d ificati b d
associated with the emission projections. First, th ethane recovered rom degasilication can be Use

average emissions per ton of coal may change ovgjrr the purposes described below.

time. Second, actual coal production levels may varipeline Injection. Natural gas companies may
from projected coal production levels. purchase methane recovered from coal mirdest
pipeline companies require gas with a methane
concentration of at least 97 percent. Since gas
recovered in advance of mining is nearly pure
This section surveys the technologies and practice;sner:hgni.’ the only processing required may be
available for reducing coalbed methane emissions,e ydration.
analyzes the cost of implementing three "model" projGob gas, however, typically does not have a methane
ects that integrate these abatement options, and higiencentration greater than 97 percent. U.S. coal mines
lights which options are most achievable and coshave developed different approaches for selling gob
effective through the development of a marginabas to natural gas companies. Two major projects,
abatement curve (MAC). involving several coal mines in Alabama and Virginia,
recover methane from gob wells for sale to a natural

gas company. These coal mines have developed

2.0 Emission Reductions
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Exhibit 4-6: Summary of Degasification Techniques

e . Recovery Current Use in U.S.
Method Description Methane Quality Efficiency? Coal Mines
Vertical Wells Drilled from the surface to coal Recovers nearly pure Upto60%  Used by at least 3 U.S.
seam several years in advance ~ methane. mining companies in
of mining. about 11 mines.
Gob Wells Drilled from the surface to afew  Recovers methane that  Upto50%  Used by more than 21
feet above coal seam just prior ~ is sometimes contami- U.S. mines.
to mining. nated with mine air.
Shorthole Horizon-  Drilled from inside the mine to Recovers nearly pure Upto20%  Used by approximately
tal Boreholes degasify the coal seam just prior  methane. 16 U.S. mines.
to mining.
Longhole Horizontal  Drilled from inside the mine to Recovers nearly pure Upto50%  Used by over 10 U.S.
Boreholes degasify the coal seam up to methane. mines.
several years before mining.
Cross-Measure Drilled from inside the mine to Recovers methane that  Upto 60%  Not widely used in the

Boreholes

degasify surrounding rock
strata.

is sometimes contami-
nated with mine air.

u.s.

a Percent of total methane liberated that is recovered by degasification systems.
Source: EPA 1993, 1997b, and 1999a; Expert comments.

strategies for controlling the amount of air entering theteam turbine to generate power (CANMET, 1998;
gob and annually monitor gas quality in the well.EPA, 1999b).

These methods are highly effective, especially durin@)n-Site Use in a Thermal Coal Drying Facility. As

the early stages of the productive lifetime of an md'With power generation, a thermal dryer does not re-
vidual gob well.

quire pure methane. Currently, one coal mine in Vir-
Power Generation. Coal mine methane is also usedginia uses methane recovered from gob wells as fuel
to generate electricity. In contrast to pipeline injectionfor its thermal coal dryer. The thermal energy recov-
power generation does not require nearly pure metiered from the oxidation of mine ventilation air may
ane. Accordingly, methane recovered from gob wellalso be used for on-site drying operations.

maY be used directly as fuel for ‘_a power ggneratlogale to Nearby Commercial or Industrial Facilities.
project. At present, only one active U.S. mine use

_ _. _Another option is for coal mines to sell recovered
recovered methane for power generation. In additio

bandoned | mine in Ohio al ; ethane to nearby commercial or industrial facilities
an abandoned coa mine in LIo aiso TeCoVers Melpy, o high demand for natural gas. In the early 1990s,
ane to generate electricity for a neighboring,

. T4 aCtIV%as recovered from coal mines in northern West Vir-
coal mine. ginia was sold to a glass factory.
The methane contained in ventilation air may be used
as combustion air in a turbine or internal combustio?-2 Cost Analysis of Emission
(IC) engine. Currently, BHP has developed a power Reductions

generation project at the Appin and Tower coal miNegp estimates potential emission reductions by evalu-
in Australia. The project involves using methane reyiing the apility of coal mines to cost-effectively build

covered from degasification systems as the main fughy gperate systems for recovering and using, or oxi-
for 94 internal combustion engines rated at one MV\{”ng coal mine methane. EPA developed a MAC by

each. The project uses apou_t 1.3.million f:ubic feet 8valuating a range of energy prices along with a range
day of methane from ventilation air for this purposeyt emission reduction values. To determine cost-

(EPA, 1998). The thermal energy recovered from thgfractiveness, EPA assumes that in addition to the
oxidation of mine ventilation air can also be used in a
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value of the energy produced, the mine owner/operat@tep 3: Define “Model” Projects. The three types
receives income equal to the emission reduction valuef modeled recovery and use options analyzed are de-
in $/ton of carbon equivalent ($/TCE), multiplied by scribed below and are also outlined in Exhibit 4-7.

the amount of methane abated. The cost-effectivenegs
of various options is estimated by comparing the value
of the energy and the emission reduction to the costs of
the system. The analysis is described below.

Step 1: Define the Current Underground Mines.
The analysis is performed on underground mines that
released at least 0.5 MMcf/d of methane from ventila-
tion systems in 1997. These 58 mines account for
about 94 percent of the methane released from U.S.
underground coal mining (MSHA, 1998). EPA char-
acterizes these mines in terms of coal basin, annual
coal production, methane released from the ventilation
system, existence of degasification system, methane
recovered by the degasification system (if one is pres-
ent), and mining method, i.e., longwall or room and
pillar (EPA, 1999a). Where applicable, EPA estimate§>
the amount of methane recovered from existing de-
gasification systems. Using these data, EPA calculates
the amount of methane liberated per ton of coal mined.
EPA uses this liberation rate to estimate the amount of
gas available for recovery per ton of coal mined.

Step 2: Future Coal Production and Future Mines.

The Energy Information Administration estimates that
coal production will increase 16 percent by 2010 and
26 percent by 2020 relative to 1997 production (EIA,
1998a). See Appendix IV, Exhibit IV-1 for details.
Several characteristics of existing mines are assumed
to be the same for future mines, such as the methane
liberation rate per ton of coal. Therefore, the data set
of current mines is used to represent future mines, with
the exception that coal production at each mine is
scaled over time to correspond with projected changes
in underground U.S. coal production.

Option 1: Degasification and Pipeline Injec-
tion. Under this option, coal mines recover meth-
ane using vertical wells drilled five years in ad-
vance of mining, horizontal boreholes drilled one
year in advance of mining, and gob wells. All of
the gas recovered is sold to a pipeline. However,
only the high-quality gas produced during the
early stages of production from gob wells is as-
sumed to be sold due to the declining gas quality
over time. Methane recovery and use under this
option varies by basin. EPA assumes that the
technology to recover methane will improve over
time, leading to increased methane recovery. (See
Appendix IV, Exhibit V-3 for a table of baseline
coal basin recovery efficiencies by year.)

Option 2: Enhanced Degasification, Gas
Enrichment, and Pipeline Injection. This
option consists of gas recovery-and-use
incremental to Option 1. As in Option 1, EPA
assumes that coal mines recover methane using
vertical wells drilled five years in advance of
mining, horizontal boreholes drilled one year in
advance of mining, and gob wells drilled just prior
to mining and that gas is sold to a pipeline.
However, well spacing is tightened to increase
recovery efficiency. Additionally, mines invest in
enrichment technologies to enhance gob gas for
sale to natural gas companies. This combination
of tightened well spacing and gas enrichment
increases recovery efficiency by 20 percent above
what could have been achieved in Option 1.
Accordingly, Option 2 results in an additional 20
percent of gas that is available for pipeline sale.

Exhibit 4-7: Summary of Options Included in the U.S. Coal Mine Cost Analysis of Methane Emission Reductions

Option Technologies Assumptions
1 Degasification and Pipeline Injection All gas recovered from vertical wells and in-mine boreholes is
sold to a pipeline. Only high quality gob gas is sold to the pipe-
line.
2 Enhanced Degasification, Gas Enrichment, and  Incremental to Option 1 with tightened well spacing and gas

Pipeline Injection

3 Catalytic Oxidation

enrichment. Recovery and use efficiency increases 20% over
Option 1.
Ventilation air is oxidized.

U.S. Environmental Protection Agency - September 1999
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» Option 3: Catalytic Oxidation. Under this estimates the revenue associated with the project as the
option, coal mines eliminate methane in theirgas price times the amount of gas recovered and sold.

ventilation air using a catalytic oxidizer SyStemStep 5 Estimate Emission Reductions for Each

with a maximum capacity of 211,860 standar ption. The final step is to estimate cost-effective

cubic feet per minute (scf/min). The catalytic ational emission reductions for 2000, 2010, and 2020

oxidizer is estimated to oxidize up to 98 percent Ogvithin a range of gas prices and emission reduction

the. methane that passes through the system. _Tr\]/'glues in $/TCE. The base gas price is $2.53/MMBtu,
option can be implemented alone or

i ith either of the other W i Mwhich is the average 1996 wellhead gas price in Ala-
conjunction with einer ot tne other wo options. ama, Indiana, Kentucky, and Ohio (EIA, 1997)he

Although the heat produced by the 'system COL_JI dditional emission reduction values, expressed in
potentially be. used.to produce electricity, EPA d'd$/TCE, range from $O/TCE to $200/TCE. The emis-
not quel this option due to the current lack Ofsion reduction values are translated into gas prices us-
operational data. ing a global warming potential (GWP) for methane of
As shown in Appendix IV, Exhibit IV-4, the number of 21 and a methane energy content of 1,000 Btu/cubic
wells required for any option is a function of thefoot.® If the break-even gas price for the mine is equal
amount of coal mined. The size and cost of othep or less than the sum of the estimated gas price plus
equipment is driven by the amount of gas producedhe emission reduction value, the emissions can be
which depends on the amount of coal mined, the rateduced cost-effectively. For Options 1 and 2, EPA
of methane liberated per ton of coal produced, and trestimates total emission reductions to be the sum of the
recovery efficiency. For those mines that already havemissions that can be recovered cost-effectively at the
degasification systems in place, these costs were cdsB mines for each combination of gas price and emis-
sidered sunk costs and were not included. Costs fsion reduction value. For Option 3, the break-even
royalty payments are also not included. emission reduction value is used to define the cases in

Step 4: Calculate Break-Even Emission Reduction Whlc_h th,'s optlgn is cost-effective. The'e'mlssmn.re-
duction is applied to all underground mining ventila-

Values. EPA performs a discounted cash flow analy-. e )
sis to calculate the break-even emission reduction ver n emissions that are calculated to be cost-effective.
ues for Options 1, 2, and 3 for each of the 58 mines i
2000, 2010, and 2020. Exhibit 4-8 shows the financia
assumptions. Costs are estimated for each mine using
these assumptions and the data defined in StepBhis analysis indicates that projected 2010 methane
Project costs include only the incremental costs ggmissions from U.S. coal mining can be reduced by
methane recovery and use. For example, to the exté@iproximately 10.3 MMTCE (1.8 Tg) or 37 percent

that a coal mine would already employ degasificatiofelow baseline projections by implementing currently

systems as part of normal mining practices, the cost ai/ailable technologies that are cost-effective at energy
drilling degasification wells or boreholes would not bemarket prices alone. Additional reduction options are
an incremental cost of a methane use project. Eppost-effective at carbon equivalent values greater than

.3 Achievable Emission Reductions
and Marginal Abatement Curve

Exhibit 4-8: Financial Assumptions for Emission Reduction Analysis

Description
Parameters Options 1 and 2 Option 3
Base Gas Price (1996 US$) $2.53/MMBtu Not applicable
Discount Rate 15 percent real 15 percent real
Project Lifetime 15 years 10 years
Tax Rate 40 percent 40 percent
Depreciation Period 15 years 5 years
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$O/TCE. At $20/TCE, baseline emissions in 201Mecause all methane emissions from ventilation air can
from U.S. coal mines could be reduced by 13.be reduced cost-effectivélyThe maximum amount of
MMTCE (2.3 Tg) or 47 percent. emission reductions that can be achieved in 2010 as-

Exhibit 4-9 presents the cumulative emission reduc Mg that the catalytic oxidizer is used is _20'0
tions at selected values of carbon equivalent in ZOOMMTCE (35 Tg),. or 7_1 percent of aII. me.thane.llber-
2010, and 2020. Exhibit 4-10 provides a schedule Oqied from coal mines in the U.S., which is equivalent
selected emission reduction options for U.S. coatf)_ negrly all methane liberated from underground
mines for 2010. Option 1 has a lower break-even pricr"gunes inthe U.S.

(lower cost) than Option 2 for any given mine. For2
example, the break-even price for Option 1 at Bu-
chanan No. 1 is $0.54/MMBtu compared to
$1.63/MMBtu for Option 2. The same methane reOverall, this analysis is limited by the lack of detailed
duction option becomes cost-effective at differensite-specific assessments. Coal mine methane recov-
break-even gas prices for different mines depending &y and use is greatly affected by site-specific condi-
the incremental amount of methane that can be recalions. In general, average industry costs are used along

ered and used and the costs of methane recovery. with conservative assumptions, so as not to overesti-
mate emission reductions that could be achieved.

.4 Reduction Estimate Uncertainties
and Limitations

Exhibit 4-9: Emission Reductions at Selected Values The cost analysis only considers recovering methane
of Carbon Equivalent in 2000, 2010, and 2020 (MMTCE) in advance of mining and selling the gas to natural gas
2000 2010 2020 companies or oxidizing the methane in ventilation air.
Baseline Emissions 239 28.0 304 For some smaller, less gassy mines, more limited re-
Cumulative Reductions covery and use options may be cost-effective. Conse-
at $0/TCE 71 10.3 12.5 quently, the analysis is conservative in that additional
at $10/TCE 80 120 139 emission reduction opportunities may exist.
at $20/TCE 8.2 13.1 15.3
at $30/TCE 16.8 20.0 217 The analysis does not account for the incremental
at $40/TCE 16.8 20.0 217 benefits that will accrue from the installation of degasi-
at $50/TCE 16.8 200 217 fication systems, such as decreased ventilation costs or
at $75/TCE 16.8 20.0 21.7 increased productivity. Thus, the analysis is conserva-
at $100/TCE 16.8 20.0 217 tive to the extent that mines realize significant financial
at $125/TCE 16.8 20.0 217 benefits to their mining operations from the installation
at $150/TCE 16.8 20.0 21.7 of degasification projects.
at $175/TCE 16.8 20.0 21.7

Finally, uncertainty exists regarding the capital and
i - operation and maintenance (O&M) costs for the tech-
Remaining Emissions 11 8.0 8.7 nologies. In particular, the catalytic oxidation technol-

. o ] ogy at coal mines is under development and limited
Exhibit 4-11 presents the MAC which is derived by 8y,t5 are available to estimate costs. Consequently,

rank order of cost-effective individual opportunities al=pa pases the unit costs on an existing demonstration
each combination of gas price and carbon equivalefif o+ and assumes that the costs for catalytic oxida-
emlsspn reduction value, .|.e., the co;t per _er_n'ss'otribn are proportional to the methane ventilated from
reduction amount. The options shown in Exhibit 4-1Q,yerground mines. Given that the cost is based on
are labeled along the MAC at increasing break-evegnly one project, EPA cannot assess the extent to
prices through to $29.70/TCE. which the costs are being over- or under-estimated.

At $29.70/TCE the catalytic oxidizer technology be-
comes cost-effective. The MAC becomes inelastic

at $200/TCE 16.8 20.0 21.7

U.S. Environmental Protection Agency - September 1999 Coal Mining 4-11



Exhibit 4-10: Schedule of Emission Reduction Options in 2010

Sample Coal Mines National
Coal Value of o .
Option Representative Production Break-Ey N Carbon Em|ss_| on Incremgntal Cumula}tlve Label
Useda Mineb (Million Short Gas Price Equivalent Reductions| Reductions Reductions on MAC
Tonslyr) ($/MMBtu) (§/TCE) (MMTCE) | (MMTCE) (MMTCE)
1 |Buchanan No. 1 5.26 $0.54 $(18.05) 1.22 4,05 4.05 Al
1  |Blue Creek No. 3 2.78 $0.60 $(17.51) 0.48 1.05 5.10 B1
1 |Oak Grove 3.17 $0.85 $(15.23) 0.25 0.72 5.82 C1l
2 |Buchanan No. 1 5.26 $1.63 $(8.14) 041 161 7.42 D2
2 |Blue Creek No. 3 2.78 $1.94 $(5.32) 0.19 1.69 9.12 E2
2 |Sanborn Creek 1.94 $3.33 $7.32 0.07 2.63 11.74 F2
1  [McElroy 6.48 $4.59 $18.78 0.16 1.08 12.83 Gl
1 [Maple Creek 2.27 $5.63 $28.24 0.05 0.75 13.58 H1
3 |All Underground Mines NAc $5.79 $29.70 20.00 6.42 20.00 13

a QOption 1 = Degasification and Pipeline Injection; Option 2 = Enhanced Degasification, Gas Enrichment, and Pipeline Injection; Option 3 =

Catalytic Oxidation of Ventilation Air Emissions.

b This representative sample of coal mines existed in 1997. Although EPA uses data from these mines to model future emission reductions,

EPA does not evaluate whether any specific mine would be operating in 2010.
¢ Not Applicable.

Exhibit 4-11: Marginal Abatement Curve for Methane Emissions from Coal Mining in 2010
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4.0 Explanatory Notes

! The Mine Safety and Health Administration (MSHA) records coal mine methane readings with concentrations
greater than 50 ppm (parts per million) methane. Readings below this threshold are considered non-detectable.

2 One coal mine in Australia has recovered and used ventilation air as a fuel for a series of internal combustion en-
gine-driven generators. In addition, a British coal mine reported successful demonstration of oxidation technology.

% In 1998 and 1999, the VP No. 3, VP No. 8, and Blue Creek No. 3 mines closed. These closures will significantly reduce total
U.S. methane emissions.

4 Additionally, coal mines in Australia, China, Germany, and the United Kingdom have successfully developed
power generation projects at active underground mines.

® Gas prices in key coal mine states, e.g., West Virginia, Virginia, Pennsylvania, and lllinois, are assumed to fall
within the range of prices represented by the states with available data.

® Equation to calculate the equivalent gas price for a given value of carbon equivalent:
$ 1°TcE s73MMTCE Tg 192g9CH, #5 1%Bw  $
X X X X X X =
TCE MMTCE TgCH, 10%%g &3 CH, 1000Bt MMBtu MMBtu

Where: 5.73 MMTCE/Tg Cl= 21 CQ/CH,; x (12 C / 44 CQ
Density of CH = 19.2 g/t
Btu content of CH= 1,000 Btu/ft

” Although at this price, the catalytic oxidizer technology is cost-effective, a mine may still need to implement Op-
tions 1 and 2 for technical and safety reasons.

8 At the less gassy mines, the low methane concentration make self-sustained oxidation impossible and supplemental
gas is required to combust the gas. Because EPA’s analysis is based on the more gassy mines, the assumption that
all methane emissions from ventilation air can be reduced cost-effectively does not have a major impact on the
MAC results.
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5. Livestock Manure Management

Summary

EPA estimates 1997 U.S. methane emissions from livestock manure management at 17.0 MMTCE (3.0 Tg),
which accounts for ten percent of total 1997 U.S. methane emissions (EPA, 1999). The majority of methane emis-
sions come from large swine (hog) and dairy farms that manage manure as a liquid. As shown below in Exhibit 5-
1, EPA expects U.S. methane emissions from livestock manure to grow by over 25 percent from 2000 to 2020,
from 18.4 to 26.4 MMTCE (3.2 to 4.6 Tg). This increase in methane emissions is primarily due to the increasing
use of liquid and slurry manure management systems which generate methane. This use is associated with the
trend toward larger farms with higher, more concentrated numbers of animals.

Cost-effective technologies are available that can stem this emission growth by recovering methane and using it as
an energy source. These technologies, commonly referred to as anaerobic digesters, decompose manure in a con-
trolled environment and recover methane produced from the manure. The recovered methane can fuel engine-
generators to produce electricity or boilers to produce heat and hot water. Digesters also reduce foul odor and can
reduce the risk of ground- and surface-water pollution. In addition, digesters are practical and often cost-effective
for most large dairy and swine farms, especially those located in warm climates.

The AgSTAR Program, a voluntary EPA-industry partnership initiated under the Climate Change Action Plan
(CCAP), has identified cost-effective opportunities that could reduce methane emissions by up to 3.2 MMTCE
(0.6 Tg) in 2010 at current energy market prices, i.e., $0/ton of carbon equivalent ($0/TCE), as Exhibit 5-1 shows.
Greater methane reductions could be achieved with the addition of higher values per TCE. For example, EPAs
analysis shows that in 2010, emission reductions could reach 4.5 MMTCE (0.8 Tg) with a value of $20/TCE
added to the energy market price (in 1996 USS$).

Exhibit 5-1: U.S. Methane Emissions from Livestock Manure Management (MMTCE)

Percent of Methane Emissions in 1997 Emission Estimates and Reductions
M 10% (17.0 MMTCE MMTCE | T8 . .
Coal 10% anure 10% (17. ) @ 21 GWP | CH, Cost-Effective Reductions
29+ 5 Baseline Emissions
Other 4% el
Enteric Em!fsfswn Le/\_/rels at
Fermentation 23+ 4 Different $/TCE
Natural Gas 19% $0
and Oil 17 520

20%

$50
11

$100

200
Landfills 37% $

Remaining Emissions
Total = 179.6 MMTCE
Source: EPA, 1999. 1990 2000 2010 2020

Year
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liquid and manure mixture is generally collected and
stored until it can be applied to cropland using irriga-
tion equipment. While in storage, the submerged ma-

. o . nure generates methane.
Livestock manure is primarily composed of organic

material and water. Anaerobic and facultative bacteriRairy and swine farms are typically the only livestock

decompose the organic material under anaerobic cofms where liquid and slurry manure systems are
ditions. The end products of anaerobic decompositionsed. Beef, poultry, and other livestock farms gener-
are methane, carbon dioxide, and stabilized organ@ly do not use liquid manure systems, and therefore

1.0 Methane Emissions from
Manure Management

material. Several biological and chemical factors inproduce much less methane.
fluence methane generation from manure. These fagpq key factors affecting methane production from

tors are discussed below.

In addition, this section diyestock manure are the quantity of manure produced,

cusses the methods EPA uses to estimate methgnan re characteristics, the manure management sys-
emissions from manure in the U.S. Current and futurg,, and climate.

emissions are presented as well as a discussion on the
uncertainties associated with the emission estimates. >

1.1 Emission Characteristics

The methane production potential of manure depends
on the specific composition of the manure, which in
turn depends on the composition and digestibility of
the animal diet. The amount of methane produced
during decomposition is also influenced by the climate”
and the manner in which the manure is managed. The
management system determines key factors that affect
methane production, including contact with oxygen,
water content, pH, and nutrient availability. Climate
factors include temperature and rainfall. Optimal con-
ditions for methane production include an anaerobic,
water-based environment, a high level of nutrients for
bacterial growth, a neutral pH (close to 7.0), warm
temperatures, and a moist climate.

Before the 1970s, methane emissions from manure
were minimal because the majority of livestock farms>
in the U.S. were small operations where animals de-
posited manure in pastures and corrals. Manure man-
agement normally consisted of scraping and collecting
the manure and later applying it as fertilizer to crop-
lands, allowing manure to remain in constant contact
with air.

Much larger dairy and swine farms have become more
common since 1990. To collect and store manure at
these large farms, farmers often use liquid manure
management systems that use water to flush or clean
alleyways or pits where the manure is excreted. This

5-2

Quantity of Manure Production. Manure
production varies by animal type and is pro-
portional to the animal’'s weight. A typical
1,400-pound dairy cow produces about 112
pounds of manure per day and a typical 180-
pound hog produces about 11 pounds of ma-
nure per day.

Manure Characteristics. Methane genera-
tion takes place in the volatile solids portion
(VS) of the manuré. The VS portion depends
on livestock type and diet. Animal type and
diet also affect the quantity of methane that
can be produced per kilogram of VS in the
manure. This quantity is commonly referred
to as “B"” and is measured in units of cubic
meters of methane per kilogram of VS3(m
CH4J/Kkg VS). Manure characteristics are
summarized in Appendix V, Exhibit V-1.

Manure Management System. Methane
production also depends on the type of ma-
nure management system used. U.S. produc-
ers use “dry” and “liquid” manure manage-
ment systems. Dry systems include solid stor-
age, dry feedlots, deep pit stacks, and daily
spreading of the manure. In addition, unman-
aged manure from animals grazing on pasture
falls into this category. Liquid management
systems use water to facilitate manure han-
dling. These systems, known as liquid/slurry
systems, use concrete tanks and lagoons to
store flushed and scraped manure. The la-

U.S. Methane Emissions 1990-2020: Inventories, Projections, and Opportunities for Reductions



goons are typically earthen structures such asexhibit 5-2: Methane Emissions Equation
ponds or lagoons. Both types of systems store
manure until it is applied to cropland and cre-

States Animal Manure
Types Mgmt.

ate the ideal anaerobic environment for meth- System
ane production. Up to half of the manure on ©Hs= Z. Zj ) ) Manurg ¢ MF e VS; ¢
large dairy farms and virtually all the manure Boj « MCFy.
on large hog farms is managed using liquid
systems. CH, = Methane generated {iiay)
> Climate. Manure decomposes more rapidly Manurg = Total manure produced by animal

when climate conditions encourage bacterial typej in statel (Ib/day)

growth. For anaerobic manure systems, warmMFi
temperatures increase methane generation.
Therefore, methane generation is greater inVS;

Percent of manure managed by sys-
temk for animal typg in statei

Percent of manure that is volatile

warm states such as California and Florida solids for animal typgin statei

and lower in cool states such as MinnesotaB,; = Maximum methane potential of ma-
and Wisconsin. For dry manure management nure for animal type (ft*/Ib of vola-
systems, wet climates have higher emissions tile solids)

than arid climates, though emissions in either MCF = Methane conversion factor for system

case are very low. Kin statel

The characteristics of manure systems and climate can

be represented in a methane conversion factor (MCHping livestock population data published by the U.S.
which quantifies the potential for emitting methaneDepartment of Agriculture (USDA). The American
and has a range from zero to one. Manure systems ap@ciety of Agriculture Engineers (ASAE) publishes
climates that promote methane production have ayplatile solid production rates each year. The current
MCE near one. Conditions that do not promote meﬂ'ﬁstimates use VS rates from the 1995 ASAE Standards
ane production have an MCF near zero. Appendix VASAE, 1995).

Exhibit V-2 lists MCFs for different climates and ma- pethane generation potentials,(Bvere determined
nure management systems. through laboratory research performed by Hashimoto
and Steed (1992), and referenced in EPA (1993). EPA
determined state-specific emission factors for dairy
EPA estimates emissions by determining the amoubws and swine based on the farm size distribution in
and type of manure produced, the systems used géach state (USDC, 1995) and system MCF values de-
manage the manure, and the climate (Safley, et al¢loped by Safley, et al. (1992) and Hashimoto and
1992; EPA, 1993). Steed (1992). Emission factors for other livestock
pes were also determined by Safley, et al. (1992)

As shown in the equation in Exhibit 5-2, the nationa .
- . . o . ased on climate and manure management system us-
emission estimate is the sum of emission estimates

developed at the state level, for the relevant animglge'

types and manure management systems. A detailétie calculation of dairy cow emissions also includes a
description of the emission estimation method is cordry matter intake (Dmi) scaling factor to account for
tained in Appendix V, Section V.1. the improvement in the rations fed to dairy cows.

: . , Dairy farmers use more digestible feed in the diets of
By developing state-level estimates, key differences in . . . :

o . airy cows to increase productivity. The improved
annual manure characteristics, populations, manu;e

: . . %ed also increases the proportion of VS available in
management practices and climate are incorporate

into the analysis. EPA estimates manure production

1.2 Emission Estimation Method
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the manure, increasing methane production on a per-
animal basis.

1.3 Emission Estimates

EPA estimates current and historic emissions using
reported data and available research. Future emissions
are estimated using projections of livestock production
and changes in manure management practices. The
emissions estimates are described in detail in the fol-
lowing sub-sections.

1.3.1 Current Emissions and Trends

EPA estimates that 1997 U.S. methane emissions frog
livestock manure were 17.0 million metric tons of car-
bon equivalent (MMTCE) or 3.0 Teragrams (Tg), as
shown in Exhibit 5-3 (EPA, 1999). Total emissions
from manure have increased each year from 1990 to
1995. Emissions declined in 1996, but displayed a
sharp rise in 1997, mostly due to fluctuations in the
swine populations. Steady shifts in the dairy cattle
population toward states with higher use of liquid sys-
tems caused an increase in emissions from this live-
stock category, despite a decrease in the dairy cattle
population.

1.3.2 Future Emissions and Trends

EPA estimates future emissions using forecasts for two
key factors: animal production and manure manage-
ment practices.

» Future Livestock Production. Forecasts of
livestock production are based on trends and
projections of consumption of dairy and meat
products, agricultural policy, and im-

ports/exports. USDA forecasts short-term

trends, usually six to seven years in the future.
Taking into account improvements in produc-

tivity, EPA uses these USDA production fore-

casts to project long-term trends in livestock

population to the year 2020. EPA assumes
that as consumption of livestock products in-

creases, the extent of intensive livestock pro-
duction will increase to meet that demand. A
16 percent increase in swine production and a
17 percent increase in milk production is ex-

pected between 1997 and 2010.

Future Manure Management Practices.
Future manure management practices have a
large impact on emission estimates. Because
forecasts of future livestock manure manage-
ment practices are not available in existing lit-
erature, EPA projects usage of manure man-
agement systems based on field experience. If
the use of confined and intensive livestock
production systems continues to increase, the
use of liquid-based manure management sys-
tems will probably increase. Such systems are
often preferred for large-scale livestock pro-
duction systems because they allow for the ef-
ficient collection, storage, and, in some cases,
treatment, of livestock manure. This shift to-
wards liquid systems would result in signifi-
cant increases in emissions because liquid
systems produce considerably more methane
than dry systems. However, due to increasing
pressure to minimize water quality and odor
problems, some producers are evaluating dry

Exhibit 5-3: Methane Emissions from Livestock Manure Management (MMTCE)

Animal Type 1990 1991 1992 1993 1994 1995 1996 1997
Dairy Cattle 4.3 4.3 4.4 4.4 45 4.6 4.5 4.6
Beef Cattle 11 12 1.2 1.2 12 1.3 1.3 1.3
Swine 7.8 8.2 8.6 8.6 9.1 9.2 8.9 9.3
Sheep 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Goats 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Poultry 15 15 1.6 1.6 17 1.7 17 1.8
Horses 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
TOTAL 14.9 15.4 16.0 16.1 16.7 16.9 16.6 17.0

Totals may not sum due to independent rounding.
Source: EPA, 1999.
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systems and the use of grass-based dairies thgrbwing use of liquid management systems. Based on
may result in fewer liquid-based manure mandivestock production projections, EPA estimates that
agement systems. manure production in 2020 will be seven percent
Over the last twenty years the share of the dai |gher than in 1990, .anq that 20 percent. more manure
ill be managed in liquid systems. Exhibit 5-5 pres-

cattle population on large farms (greater than 50 5 U.S h e fimates for 2000
cows) has risen from 8 to 18 percent. The propoF—n S 1o, Manure methane emission estimates for

tion of hogs raised on large farms (greater thaﬁhmu‘g’h 2020.
1,000 hogs) has increased from 31 percent in 1987 o ' o
to 50 percent in 1992, directly corresponding withl.4 Emission Estimate Uncertainties

increased use of liquid manure management SY§ne major sources of uncertainty in the emissions es-
tems (USDC, 1995). In 1995, 33 percent of allinates are manure management practice data and pre-

cattle manure and 75 percent of all hog manurgictions of future production. These uncertainties are
was managed with liquid systems (EPA, 1993)4escribed in detail below.

The next statistical data point will be available
when the next Census of Agriculture is available.1.4.1 Current Emissions

Field experience indicates that the use of liquiqncertainties are associated with both the activity lev-

systems is continuing to increase, perhaps at &fls and the emission factors used in the emission

accelerating rate. analysis. The estimates of current animal populations
The two key factors contributing to emission growthand manure characteristics (volatile solids) are fairly
are increased manure volumes due to the expectégrtain because these data are regularly revisited and

growth in animal populations needed to meet forecasedated by reliable sources, e.g., USDA and ASAE.
production levels, shown in Exhibit 5-4, and theThe methane production potential values, determined

Exhibit 5-4: U.S. Livestock Production

Animal Type  Units 1995 2000 2005 2010 2015 2020
Dairy Cattle Billion Ibs milkfyr 156 166 178 185 193 201
Beef Cattle Billion Ibs/yr 28 28 28 29 30 30
Swine Billion Ibsfyr 19 19 21 22 23 24
Poultry Billion los/yr 5 5 5 5 5 5
Sheep 1,000 head 8,886 7,998 7,998 7,977 7,939 7,872
Goats 1,000 head 2,495 2,495 2,495 2,495 2,495 2,495
Horses 1,000 head 6,000 6,325 6,642 6,970 7,314 7,661

Source: 1995-2005 values are based on USDA, 1996; 2010-2020 are values from extrapolation analysis.

Exhibit 5-5: Projected Baseline Methane Emissions from Livestock Manure Management (MMTCE)

Animal Type 2000 2005 2010 2015 2020
Dairy Cattle 5.2 5.8 6.3 6.9 7.5
Beef Cattle 1.2 1.2 1.2 1.3 1.3
Swine 9.9 111 12.3 135 14.8
Sheep <01 <01 <0.1 <0.1 <01
Goats <0.1 <0.1 <0.1 <0.1 <0.1
Poultry 1.8 2.0 2.2 2.4 2.6
Horses 0.2 0.2 0.2 0.2 0.2
TOTAL 184 204 22.3 24.3 26.4

Totals may not sum due to independent rounding.
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through laboratory research, are also relatively reliablgarticularly for swine, where recent data shows a trend
Greater uncertainty exists in the estimates of thtwards feed that increases VS production.

amount of manure. managed by each type of manu,rfdditionally, accurately predicting future manure
system and the estimates of the MCFs for each man%eanagement system usage is difficult. In the near

Zysttemt. Tg b§St c.r:)arggterslze tf[he fg“?’ ?nd svylne d!?érm, liquid system usage will continue to increase as
ustry trenas described In Section 2.5.%, 1armr-size i dairy and swine industries move toward larger pro-

tibutions should be updated each year. Currentl¥iuction scales. However, potential regulations in live-

however, farm-size distribution data are published by, - <te man agement may affect future manage-

:JSDA e¥§W fﬂV(ta yez;r;, YIVhICh ;? ntrlbutez tof uncbe "ment strategies. The extent and direction of the impact
ainty n this factor. - Finaly, methane production e-?]f such regulations is not yet known.
tween similar systems can vary widely. The researc

used to develop MCFs was extensive but does ndhe uncertainty in estimates of future emissions will
completely account for this variability. be reduced by improving forecasts of manure man-
agement characterization, based on on-going monitor-

The uncertainties in manure methane emission esﬂig of trends and regulation. In addition, developing

mates 9an be reduced by improving the characterlz%iore accurate projections of livestock product demand
tion of livestock manure management practices and b

_ . ) 2hd consumption will reduce the uncertainty of the
improving the estimated MCFs. The current analy5|§uture estimates

utilizes published farm-size distribution data to reduce '

uncertainty in state manure management practices on

dairy and swine farms. The next Census of Agricul2.0 Emission Reductions

ture will be released in late 1999. Using this updated

data will further improve this characterization. MCFEPA evaluates cost-effective methane emission reduc-
estimates can be improved through additional fieldion opportunities at livestock facilities. The analysis
measurements over the complete range of practicesd discussion in this section focus on methane recov-
and temperatures under which manure is managegly and utilization. It first describes the technologies,
Measurements should focus on liquid systems becausests, and potential benefits of methane recovery and
they are the largest source of manure methane emigilization. These costs and benefits are then translated

sions. into emission reduction opportunities at various values
of methane, which are used to construct a schedule of
1.4.2 Future Emissions emission reductions and a marginal abatement curve

In addition to the uncertainties associated with currettMAC).

emission estimates, future emission estimates are sub-

ject to uncertainty stemming from forecasts of future?-1  Technologies for Reducing

dairy and meat product consumption and productivity. Methane Emissions

USDA forecasts of future trends are the most reliabl®eduction strategies focus on emissions from liquid
projections that exist for the U.S. However, many ungystems because these systems have large methane
predictable factors can influence future productiongmissions that can be feasibly reduced or avoided.
such as global market changes that impact the demafigo general options exist for reducing emissions from
for livestock exports. liquid systems: (1) switching from liquid management
Although the analysis of future emissions includes th8YStems to dry systems; or (2) recovering methane and
impacts of increased dry matter intake by dairy cowdltilizing it to produce electricity, heat or hot water.

it does not include the impacts of changing feed fofPNly the option of recovering and utilizing methane is
other livestock. These impacts may contribute to aHS€d in the cost analysis. Each option is described
underestimation of emissions for some livestock type§€low.
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2.1.1 Switch to Dry Manure
Management

Methane production is minimal in dry, aerobic condi-
tions. Switching from liquid to dry management sys-
tems would reduce methane emissions produced in
liquid systems. However, such a shift is largely im-
practical for both environmental impact and process
design reasons. Dry manure management systems can
lead to significant surface and ground water pollution.
In addition, the liquid manure management systems at
large dairy and swine farms are integrated with the
overall production process. Switching to dry systems
would require a fundamental shift in the entire pro-
duction scheme. For these reasons, EPA does not con-
sider this option in this analysis.

>

2.1.2 Recover and Use Methane to
Produce Energy

With the use of liquid-based systems, the only feasible
method to reduce emissions is to recover the methane
before it is emitted into the air. Methane recovery in-
volves capturing and collecting the methane produced
in the manure management system. This recovered
methane can be flared or used to produce heat or elec-
tricity.

Electricity generation for on-farm use can be a cost>
effective way to reduce farm operating costs. The
generated electricity displaces purchased electricity,
and the excess heat from the engine displaces propane.
The economic feasibility of electricity generation usu-
ally depends on the farm’s ability to use the electricity
generated on-site. Selling the electricity to an electric
power company has seldom been economically bene-
ficial because the utility buy-back rates are generally
very low.

Three methane recovery technologies are available.
Covered anaerobic digesters may be used at farms that
have engineered ponds for holding liquid waste.
Complete-mix and plug-flow digesters can be used for
other farms. Each system attempts to maximize meth-
ane generation from the manure, collect the methane,
and use it to produce electricity and hot water. Meth-
ane recovery also significantly reduces odor, which is
important for many facilities.

U.S. Environmental Protection Agency - September 1999

Covered Anaerobic Digesters Covered an-
aerobic digesters are the simplest type of re-
covery system and can be used at dairy or
swine farms in temperate or warm climates.
Larger dairies and swine farms often use la-
goons as part of their manure-management
systems. Recovering methane usually re-
quires an additional lagoon (primary lagoon),
a cover, and a collection system. The primary
lagoon is covered for methane generation and
a secondary lagoon is used for wastewater
storage. Manure flows into the primary la-
goon where it decomposes and generates
methane. The methane is collected under the
cover and used to power an engine-generator.
Waste heat from the generator is used for on-
farm heating needs. The digested wastewater
flows into the secondary lagoon where it is
stored until it can be applied to cropland. A
two-lagoon system also provides added envi-
ronmental benefits over a single-lagoon sys-
tem, including odor and pathogen reduction.
This technology is often preferred in warmer
climates and/or when manure must be flushed
as part of on-going operations.

Complete-Mix Digesters Complete-mix di-
gesters are tanks into which manure and water
are added regularly. As new water and ma-
nure are flushed into the tank, an equal
amount of digested material is removed and
transferred to a lagooon. The digesters are
mixed mechanically on an intermittent basis to
ensure uniform digestion. The average reten-
tion time for wastewater in the tanks is 15 to
20 days. As manure decomposes, methane is
generated and collected. To speed decompo-
sition, waste heat from the utilization equip-
ment heats the digesters. Complete-mix di-
gesters can provide digestion and methane
production at both dairy and swine farms.
However, they are not recommended for use
at dairy farms because of the high solids con-
tent of dairy manure. Complete-mix digesters
are typically used at swine farms in colder

Livestock Manure Management 5-7
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climates where lagoons cannot produce meth- from dairies are only estimated for covered la-
ane year-round. goons.

Plug-Flow Digesters. Plug-flow digesters 22 Cost Analysis of Emission
consist of a long concrete-lined tank where Reductions

manure flows through in batches, or “plugs.”

As new manure is added daily at the front ofThe cost analysis for reducing manure methane emis-
the digesters, an equal amount of digestegions focuses on methane recovery because it is gener-
manure is pushed out the far end. One day’8lly the most feasible and cost-effective reduction op-
manure plug takes about 15 to 20 days tdion. Emission reductions are estimated to be the
travel the length of the digesters. Methane i&mount of manure methane that can be cost-effectively
generated during the process and then colecovered at a variety of energy prices and emission
lected. To speed decomposition, waste hedgeduction values.

from the utilization equipment heats the di-Tpe costs of methane recovery vary depending on the
gester tank. Plug-flow digesters are almostecoyery and utilization option chosen and the size of
always used at dairies where the CONsistencif\e farm, The general costs of recovery and electricity
of the cow manure allows for the formation of ganeration are explained below and summarized in
“plugs.” Swine manure, as excreted, does NOEyhipit 5-6. Exhibit 5-7 summarizes the break-even or

possess the proper density to use in this Sygqgteffective herd size for different digester projects.
tem. Manure digestion using plug-flow di-

gesters also provides the added benefit of dr
gested solids, which can be recovered ane¢
used as a soil amendment or bedding for

Exhibit 5-6: Methane Recovery System Costs
Digester Capital Costs

cows® Plug-flow digesters are generally used Digester T_ype Cost (S/animal)

. . Covered Digester

in colder climates or at newly constructed .

dairies instead of lagoons Dairy $245 - $380/cow
' Swine $130 - $220/hog

Estimating methane recovery from plug-flow di- Complete-mix Digester

gesters requires information on management sys Dairy $235 - $410/cow

tem usage at farms that may decide to install thes Swine $130 - $260/hog

digesters. Plug-flow digesters generally receive Engine-Generator Capital Costs

manure as excreted, which is usually scraped intDigester Type Cost ($/kW)

the digester. It is uncertain whether this scrapetLagoon Digester $750/kW

manure would otherwise be handled using a liquicComplete-mix Digester $750/kw

system or simply stored or spread as a solid. BeSource: EPA, 1997a.

cause manure handled as a solid produces vel

little methane, the emission reduction from plug-

flow digesters can be minimal, depending on ¢l "gyhipit 5.7: Economics of Digester Projects
mate and waste systems. Additionally, it is als

Break-Even Cost Annual
unclear whether dairies that currently flush m: Herd Size Revenue
nure to lagoons would switch to scraping manu  pairy
to plug-flow digesters. Moreover, a significan  Covered Lagoon 500 $150,000  $29,000
portion of the revenue from plug-flow digeste  Complete-mix 700 $188,000  $34,000

systems can arise from sales of the separated fil Hog

This opportunity is dependent on securing buye  Covered Lagoon 1,350 $193,000  $39,000
for the fiber and negotiating a reasonable pric  Complete-mix 2,500 $332,000  $62,200
Due to these complexities, emission reductiol Source: EPA, 1997a.
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EPA developed average costs based on actual proj&fA conducted the analysis for the years 2000, 2010,
costs from recent AgGSTAR charter farm projects aand 2020. The steps in the analysis follow below.

well as the AGSTAR FarmWare software, a projec
analysis software tool used to assess project feasity
ity.> A detailed cost breakdown is shown in Appendix
V, Exhibits V-3, V-4 and V-5.

>
2.2.1 Costs

EPA estimates the opportunity to reduce emissions by
evaluating the potential for farmers to cost-effectively
build and operate anaerobic digester technologies
(ADTs). The costs associated with installing and run-
ning the ADTs vary by system type and the volume of
manure that is to be handled. General costs for each
technology are described below.

Covered Anaerobic Digester The cost of this system
includes the cost of the primary lagoon, its cover, and
the gas piping needed to deliver the gas to the utiliza-
tion equipment. For dairy farms, these costs are be-
tween $245 and $380 per milk cow. For large hog
farms (more than 1,000 head), the range is between
$130 and $220 per hog. >

Complete-Mix Digester The cost of the complete-
mix digester includes the cost of the vessel, the heat
exchange system, the mixing system, and the gas pip-
ing needed to deliver the gas to the utilization equip-
ment. For dairy farms, the digester costs between
$235 and $410 per milk cow. For large hog farms, the
digester costs range between $130 and $260 per hog.

Engine-Generator. Engine-generators are sized for

the available gas flow from the methane recovery sys-
tem. The cost of an engine-generator on a dairy farm
is roughly between $160 and $260 per cow. For large

hog farms, the engine-generator costs between $32 ag%p 2 Define “Model”

tep 1: Define a “Model” Facility. Typical methane
>covery and utilization systems are defined for each
of the two ADTs used in the analysis:

Covered Anaerobic Digester. EPA defines a
covered anaerobic digester system to include a
new lagoon, a cover for the lagoon, a methane
collection system, a gas transmission and han-
dling system, and an engine-generator. The
sizes of these components are estimated based
on the amount of manure handled, the hy-
draulic retention time for the manure required
in the specific climate area analyzed, and the
amount of gas produced. A new lagoon is as-
sumed to be required in all cases even though
some farms may have lagoons that are suitable
for covering. This assumption makes the
analysis conservative since it includes a cost
that may not be necessary.

Complete-Mix Digester. A complete-mix
digester is defined to include the digester ves-
sel and cover, digester heating system, meth-
ane collection system, gas transmission and
handling system, and an engine-generator.
The sizes of these components are estimated
based on the amount of manure handled. The
system is designed to produce a 20-day hy-
draulic retention time for the manure. No
costs are included for modifying the existing
manure management practices to conform to
the minimal water requirements of the com-
plete-mix digester.

Manure Management

$90 per hog. An engine-generator for an anaembisractices. The amount of manure managed in liquid

digester, including the heat exchanger, costs abomanagement systems, such as lagoons, determines

$750/kW. methane emissions and methane reduction potential.
Although manure management practices can vary

significantly, the large dairy and swine farms that
To develop a MAC, EPA evaluated a range of energéjenerate most of the methane emissions and mitigation

prices along with a range of emission reduction Value&pportunities will generally use liquid or slurry
in $/ton of carbon equivalent ($/TCE) where manure,

h o 5 Fectivel q 9ystems. The "model" manure management practices
methane emissions can be cost-efiectively reducegy,qqp, for dairy and swine farms are described for

each below.

2.2.2 Cost Analysis Methodology
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» Dairy Farms. Generally, large dairy farms their local energy providers. This conservative rate
either flush or scrape their manure to a centraleduction is adopted even though the electricity pro-
location, such as a lagoon or digester. Al-duced displaces on-site electricity usage; experience
though the proportion of dairy manure that ishas shown that inter-connect charges and demand
handled in liquid systems for a given farm cancharges can limit the amount of the energy savings
vary, this analysis uses a national average akalized.

55 percent (EPA, 1997b). For this alnaIySIS’In addition to the electricity produced, the annual value
EP,A assumes that covered 'a9°°” systems Oi} heat recovery from the engine exhaust is estimated
dalry farms can accept the er\tlr.e 5_5 percent o t $8/cow at dairy farms. This energy is used for
manure that can be handled in liquid systems'heating wash water and other heating needs and dis-
» Swine Farms. Most large swine farms use places natural gas or propane. This value is a conser-
liquid flush systems to manage their manurevative estimate based on actual projects at dairy farms.
For this analysis, EPA assumes that all of th@he heat recovery value for swine farms is estimated
manure produced on large swine farms can b® be 20 percent of the value of the electricity pro-
managed in covered lagoon or complete-mixduced, based on current projects. This heat is heeded
digester systems to produce methane. for farrowing facilities and nurseries, with less re-

Step 3: Develop the Unit Costs for the System quired for growing and finishing operations.

Components. Unit costs for the system componentsThe value of the emission reduction is estimated as the
are taken from FarmWare (EPA, 1997a), the EPAamount of methane recovered times $/TCE. For mod-
distributed software tool used to assess proje@ling purposes, the emission reduction value is con-
feasibility. The component unit costs and total costserted into an added value to the electricity produced
for typical projects are shown in Appendix V, Exhibitsand modeled as additional savings realized by the
V-3 to V-5. As shown in the exhibits in the appendixfarmer. This conversion is performed using methane’s
covered lagoon systems are typically less costly tGlobal Warming Potential (GWP) of 21, the heat rate

build than complete-mix and plug-flow digesterof the engine, and the energy content of methane
systems. (1,000 Btu/cubic foot).

Step 4. Determine Farmer RevenueThe revenues Step 5: Determine Break-Even Farm Sizes.EPA
accruing to the farmer are the value of the energy praonducted a discounted cash flow analysis for each
duced and the value of the emission reduction. Eleclimate division in the U.S. to estimate the smallest
tricity production is estimated based on the amount darm size in each climate division that can cost-
biogas produced and the heat rate of the engireffectively install and operate each of the three ADTs.
(14,000 Btu/kWh). Biogas production at each facilitySwine and dairy farms are analyzed separately and
is modeled using FarmWare (EPA, 1997a) and adarm size is measured in terms of the number of head
counts for the amount and composition of the manuref milk-producing cows for dairies and the total num-
managed in the lagoon, the lagoon hydraulic retentiober of animals for swine farms. As the number of head
time, the lagoon loading rate, and the impact of locdhcreases, the sizes and costs of the system compo-
temperature on the methane production rate for lagoarents also increase. The amount of manure managed
systems. Biogas is assumed to be 60 percent methamel biogas produced also increase with farm size.

apd 40 percent carbon dioxide gr.\d .other.trace C%%he break-even farm size is the smallest number of
stituents. The value of the electricity is estimated US; imals required to achieve a net present value (NPV)
ing published state average commercial eIectr|C|t%f zero using a real discount rate of ten percent over a

ra(;[e(z)sznglflc\,/ 1?]97)' kv;/l';\ese r:tes ?re _r(_adUC(_ad ¥n year project lif8. The electricity value in each
$0. llowatt-hour ( ) to reflect electricity prices climate division is the state average minus $0.02/kwWh

that farmers would likely be able to negotiate WlthaS discussed above in Step4. The break-even farm
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size is estimated for each climate division for eaclequivalent value for dairy and swine facilities. Exhibit
combination of electricity price and emission reductiorb-8 presents methane abatement at each of the addi-
value. At higher electricity prices and emission reductional emission reduction values.

tion values, smaller farms can implement the projects
cost-effectively. 2.3 Achievable Emission Reductions

. . . . and Marginal Abatement Curve
Step 6: Estimate Emission Reductions EPA esti- g

mates national emission reductions separately fdrPA uses the above analysis to estimate the amount of
swine and dairy farms for each combination of elecnethane emissions that could be reduced cost effec-
tricity price and emission reduction value using thdively at various energy values and avoided emissions
break-even farm sizes from Step 5. First, break-eveR terms of carbon equivalent.

farm sizes are assigned to each county by mapping t§ipit 5-8 presents cost-effective emission reductions
counties into the climate divisions. Second, the por; \arious prices per TCE for 2010. The electricity
tion of dairy cows and swine on farms that are greatgjjices shown are a weighted average of the state aver-
than the break-even size is estimated for each counfye retajl electricity prices based on livestock popula-
using the distribution of farm sizes in each countyjo,  Exhibit 5-9 and Exhibit 5-10 present the MACs
(USDC, 1995). For covered digesters and completes. dairy cows and swine manure management sys-
mix digesters, emission reductions for each county a8ms, respectively. These curves are derived from the
estimated as the emissions from this portion of the,,es shown in Exhibit 5-8. The MACs can also be

dairy cows and swine. referred to as cost or supply curves because they indi-

EPA estimates the total emission reductions frongate the marginal cost per emission reduction amount.
swine farms by combining the results for the covere@nergy market prices are aligned with $0/TCE given
digesters and the complete-mix digesters. In eadhat this price represents no additional values for
county, the preferred technology, based on a breaRbated methane and where all price signals come only
even electricity price, is assumed to be implementedfom the respective energy markets. The “below-the-
The emission reductions using the preferred system dige” reduction amounts, with respect to $0/TCE, il-
summed across all the counties and divided by the totistrate this dual price-signal market, i.e., energy mar-

national emissions to estimate the percent emissidi®t prices and emission reduction values. Exhibit 5-11
reductions. presents total methane abatement at each value of car-
. , bon equivalent based on total manure methane emis-
Step 7: Estimate Reductions from Odor Contral . d )
sions. These values are presented in the MAC pro-

As discussed above, some swine farms cover the\hrded in Exhibit 5-12. Exhibit 5-13 presents the cu-

lagoons to reduce odor. U.S. EPA's AgSTAR program_ .. . :
. o T .~ . mulative emission reductions at selected values of car-

has identified odor control as the principal mouvanorb : .
. . , gn equivalent in 2000, 2010, and 2020.

behind several recently installed covered digesters an

one heated mix digester on swine farms. The reasolisgeneral, at higher methane values of $/TCE, invest-

driving these installations are site-specific and are ndg in manure management systems for smaller farms

reflected in the analysis. As a result, the analysis aecomes more cost-effective, i.e., the break-even farm

sumes that a minimum emission reduction ofize decreases. The break-even farm size varies by

ten percent of total emissions will be achieved at aftlimate zone (temperature, precipitation) and size dis-

swine farms for odor control purposes. However, theibution of the farm by state. To simplify the presen-

costs of these emission reductions are not included tation, EPA summed the total achievable reductions
the analysis. (from all farms) at each value of carbon equivalent to

. enerate the MAC. This process was done separatel
Step 8: Generate the Marginal Abatement Curve g . : P P y
for dairy cattle and swine.

The MAC displays cost-effective methane abatement
at each combination of electricity price and carbon
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Exhibit 5-8: Schedule of Methane Emission Reductions for Dairy and Swine Manure Management in 2010

Electricity Price
with Additional Average
Label Value of Carbon Value of Carbon  Break-Even Incremental ~ Cumulative  Cumulative

on Equivalent Equivalent Farm Size  Reductions Reductions  Reductions

Manure Type MAC ($/TCE) ($/kWh) (# of head) (MMTCE) (MMTCE) (% of base)
DAIRY COW: A ($30) $0.04 1,025 0.23 0.23 4%
B ($20) $0.06 1,134 0.52 0.75 14%
C ($10) $0.07 828 0.33 1.07 20%
D $0 $0.09 753 0.88 1.95 36%
E $10 $0.10 787 0.29 2.24 41%
F $20 $0.12 733 0.27 251 46%
G $30 $0.14 654 0.19 2.70 49%
H $40 $0.15 575 0.17 2.87 52%
I $50 $0.17 521 0.14 3.01 55%
J $75 $0.21 414 0.37 3.38 62%
K $100 $0.25 294 0.38 3.76 68%
L $125 $0.29 219 0.31 4,07 74%
M $150 $0.34 172 0.26 4.33 79%
N $175 $0.38 140 0.24 4,57 83%
0 $200 $0.42 114 0.21 4,78 87%
SWINE: A ($30) $0.02 > 20,000 1.23 1.23 10%
B ($20) $0.03 > 20,000 0.00 1.23 10%
C ($10) $0.05 5,112 0.00 1.23 10%
D $0 $0.07 5,120 0.00 1.23 10%
E $10 $0.08 3,906 0.00 1.23 10%
F $20 $0.10 4,339 0.79 2.02 16%
G $30 $0.12 2,990 2.25 4.28 35%
H $40 $0.13 1,932 1.36 5.63 46%
I $50 $0.15 1,390 1.10 6.74 55%
J $75 $0.19 821 3.52 10.26 83%
K $100 $0.23 602 0.51 10.77 88%
L $125 $0.27 510 0.25 11.03 90%
M $150 $0.32 500 0.01 11.04 90%
N $175 $0.36 500 0.00 11.04 90%
0 $200 $0.40 500 0.00 11.04 90%

At $0/TCE, approximately $0.09/kWh for dairy and (0.4 Tg)). Dairy emission reductions are relatively
$0.07/kWh for swine, manure methane emissionslastic throughout the series. Swine emission reduc-
could be reduced by about 3.2 MMTCE (dairytions, which include a ten percent reduction minimum
(2.0 MMTCE) plus swine (1.2 MMTCE)) or 0.6 Tg (explained in Section 2.2.2), remain at this level (1.2
(dairy (0.3 Tg) plus swine (0.2 Tg)). At an additionalMMTCE) until $20/TCE, when reductions begin to
carbon value equivalent of $20/TCE, 2010 methanmcrease. At and above $125/TCE, however, swine
emissions from livestock manure could be reduced byanure emission reductions reach an upper bound at
4.5 MMTCE (dairy (2.5 MMTCE) plus swine (2.0 about 11.0 MMTCE (1.9 Tg).

MMTCE)) or about 0.8 Tg (dairy (0.4 Tg) plus swine
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Exhibit 5-9: Marginal Abatement Curve for Methane Emissions from Dairy Cow Manure Management in 2010

Abated Methane (% of Dairy Cow Baseline Emissions of 5.5 MMTCE)
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Exhibit 5-10: Marginal Abatement Curve for Methane Emissions from Swine Manure Management in 2010
Abated Methane (% of Swine Baseline Emissions of 12.3 MMTCE)
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Exhibit 5-11: Schedule of Total Methane Emission Reductions in 2010

Value of Carbon  Incremental Cumulative Cumulative

Equivalent Reductions Reductions Reductions

($/TCE) (MMTCE) (MMTCE) (% of base)
($30) 1.45 1.45 %
($20) 0.52 1.98 9%
($10) 0.33 2.30 10%
$0 0.88 3.18 14%
$10 0.29 3.47 16%
$20 1.06 4,53 20%
$30 2.44 6.98 31%
$40 1.52 8.50 38%
$50 1.25 9.75 44%
$75 3.89 13.64 61%
$100 0.89 14.53 65%
$125 0.57 15.10 68%
$150 0.27 15.37 69%
$175 0.24 15.61 70%
$200 0.21 15.82 71%

Exhibit 5-12: Marginal Abatement Curve for Methane Emissions from All Livestock Manure Management in 2010

Abated Methane (% of Total Baseline Emissions of 22.3 MMTCE)
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sion reduction estimates in future years (2010, 2020).

Exhibit 5-13: Emission Reductions at Selected Values This may overstate benefits in the projection period.
of Carbon Equivalent in 2000, 2010, and 2020 (MMTCE)
2000 2010 2020 For low emission reduction values the principal benefit

Baseline Emissions 184 293 26.4 of the anaerobic digester technology is the value of the

Cumulative Reductions electricity produced, which depends on the rate negoti-
at $O/TCE 25 3.2 3.9 ated with the farm’s electric service provider. Conse-
at $10/TCE 27 35 4.2 quently, the value is considered uncertain in this analy-
at $20/TCE 3.6 45 55 sis. Because this value can vary as often as the amount
at $30/TCE 5.6 7.0 8.5 of projects, accurately determining electricity values
at $40/TCE 6.8 8.5 10.3 for this analysis is difficult. EPA estimates the values
at $50/TCE 78 9.7 11.8 as $0.02/kwh below state average commercial elec-
at $75/TCE 10.9 13.6 16.5 tricity prices. However, under restructuring of the
at $100/TCE 116 14.5 17.6 electric power industry, a premium value may be real-
at $125/TCE 121 15.1 18.3 ized for electricity produced from renewable resources
at $150/TCE 123 15.4 18.6 such as methane. The potential impact of this pre-
at $175/TCE 125 15.6 18.9 mium is not included in this analysis.
at $200/TCE 12.6 15.8 19.2

Some recent projects at swine farms have been initi-
ated primarily to reduce odor rather than produce
electricity. These projects may signal a trend towards

. . the growing importance of odor reduction at these fa-
2.4 Reduction Estimate ciliies. Once quantified, including odor reduction

Uncertainties and benefits in the analysis will improve the estimates of

Limitations emission reduction.

As discussed before, EPA estimates the emission re-
Uncertainties in the emission reduction estimates aggction potential based in part on the distribution of
due to the assumptions used to develop the model faggiry and swine farm sizes as measured by numbers of
facility, the variability in the value of the methane re-nead. The farm size distribution data divide the farm
covered, and the incorporation of trends. sizes into a relatively small number of categories. The

Site-specific factors influence the costs and benefits @ecision of the estimates would be improved with
recovering and using methane from livestock manurénore refined farm size categories.

In particular, the methane recovery system must beinajly, the distribution of farm sizes has changed sig-
built so that it is completely integrated with the farm’sniﬁcanﬂy over the past ten years, particularly in the
manure management system. Costs and benefits Qfine industry. Since 1992, the most recent year for
methane recovery are well documented. However, thighich farm size data are available, the trend toward
analysis relies on a single model facility and is NOfgrger dairy and swine farms has continued. Conse-
customized to individual farm requirements. Thus, ihuenﬂy’ the analysis likely under-estimates the portion
may under- or over-estimate the cost-effectiveness gf jivestock on large farms as of 1997. Because emis-
emission reductions at individual farms. Additionally,sions can more easily be reduced on large farms, the
system prices are subject to change based on fluctygalysis also likely under-estimates the emission re-
tions in the construction industry, as well as the cost ¢fction potential. Given that the trend toward larger
biogas-fueled engine-generators. Such changes canfgins is expected to continue, applying this MAC to

be accurately predicted. Moreover, the analysis doggture baseline emissions likely under-estimates cost-
not take into account possible changes in capital angfective emission reductions.

operation and maintenance (O&M) expenses for emis-

Remaining Emissions 5.7 6.5 7.3
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4.0 Explanatory Notes

1

Volatile solids (VS) are the organic fraction of total solids in manure that will oxidize and be driven off as gas at a
temperature of 60C.

For plug-flow digesters, fiber can be recovered using a separator and sold for about $4 to $8/cubit) werd (yd

soil amendment. At larger farms the cost of the separator (approximately $50,000) is more than offset by the value
of the fiber, making this addition to the system profitable. The ability to realize these benefits is contingent on
finding a reliable buyer for the fiber material.

FarmWare can be downloaded from the AQSTAR homepage at www.epa.gov/agstidion&lddformation on
these digesters can be requested from EPA (EPA, 1997b).

$/ton carbon equivalent ($/TCE) is converted to $/kWh by converting carbon into methane equivalent amounts
based on the Global Warming Potential (21), then by converting methane to Btu, and finally, by converting BTU
to kWh based on the average engine efficiency. The formula used to perform this conversion is shown below.

$ 10°TCE 573MMTCE Tg 1929CH,  #3  14000Btu  $
X =

X X X 2 X 3 X
TCE MMTCE TgCH, 10%g ft3CH , 1000Btu kWh kWh

Where: 5.73 MMTCE/Tg Chl= 21 CQ/CH, x (12 C/ 44 ChH)
Density of CH = 19.2 g/t
Btu content of CH= 1,000 Btu/ft
Heat rate of IC Engine = 14,000 Btu/kWh

The National Climatic Data Center (NCDC) defines up to 10 climate divisions in each state. Each climate division
represents relatively homogenous climate conditions. For purposes of this analysis, the climate division monthly
average temperatures are used to estimate biogas production from lagoons. The lagoon hydraulic retention time
and the maximum loading rate are set based on the area temperature as described in EPA (1997b). Climate does
not affect gas production from plug-flow and complete-mix digesters because they are heated.

A ten percent real discount rate is used to reflect the return required by the farmer for this type of investment. In
particular, the ADT systems are not integral to the farmer’s primary food production business, and, consequently,
are estimated to require a higher rate of return than normal investments by the farmer.
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6. Enteric Fermentation

Summary

EPA estimates 1997 U.S. methane emissions from livestock enteric fermentation at 34.1 MMTCE (6.0 Tg), which
accounts for 19 percent of total U.S. methane emissions in 1997. EPA expects methane emissions from livestock
enteric fermentation to increase through 2020 as livestock populations grow to meet domestic and international
demand for U.S. livestock products. In 2010, methane emissions are forecasted to reach 36.6 MMTCE (6.4 Tg) as
shown below in Exhibit 6-1.

When estimating methane emissions from livestock enteric fermentation, EPA categorizes livestock populations,
collects population data, and develops emission factors that account for the diversity of feed and animal character-
istics throughout the U.S. Among livestock, cattle are examined more closely than other livestock species because
they are responsible for the majority of U.S. livestock emissions, and significant variation exists in feed and animal
characteristics for cattle. The greatest opportunity for reducing methane emissions from cattle is to increase pro-
duction efficiency through improved management techniques.

This chapter describes methane emissions from livestock enteric fermentation, the methodology used to estimate
methane emissions, and the approaches underway to reduce emissions from cattle. Cost-effective management
practices and techniques can be used to improve animal health and nutrition, increase production efficiency, and
reduce methane emissions per unit of product. Based on assumptions about the use of these practices to improve
productivity, EPA has developed three scenarios (low, middle, and high) of future emissions from livestock enteric
fermentation. Unlike other chapters in this report, no cost estimates have yet been developed for methane reduc-
tions from enteric fermentation.

Exhibit 6-1: U.S. Methane Emissions from Enteric Fermentation (MMTCE)

Percent of Methane Emissions in 1997 Forecast Emissions
Manure 10% Enteric Fermentation
19% (34.1 MMTCE) MMTCE Tg
@21GWP | CH,
Coal 10% 40 T 7 .~ Baseline Emissions
Other 4% 34776
29 T°5
Natural Gas Landfills 23 T4
and Oil 37% L
20% ° 17 3
1 T2
Total = 179.6 MMTCE 6 1T 1
Source: EPA, 1999.

0 1990 2000 2010 2020

Year
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1.0 Methane Emissions from Pseudo-ruminants (horses and mules) produce less
Enteric Fermentation methane than ruminant livestock and more methane

than monogastric animals. Pseudo-ruminants do not

. . . .__have a rumen, but feed is fermented during digestion,
Livestock emit methane as part of their normal diges- , . o .
. . : _—which allows them to obtain important nutrients from
tive processes. The U.S. livestock population consists .

. . coarse plant material.
of ruminant livestock (cattle, sheep, and goats), mono-

gastric livestock (pigs), gnd pseudo-ruminants (horsep 5 Emission Estimation Method
and mules). Cattle emit more than 90 percent of the

duced is influenced significantly by animal and feedP@ct on methane emissions. Consequently, methods
characteristics. used to estimate methane emissions from livestock

_ , , __incorporate information on animal and feed character-
This section describes the source of methane emissig@g.s  The factors affecting methane emissions, and

from livestock enteric fermentation and the methoghe methods used to estimate past, current, and future
EPA uses to estimate emissions. The emission esfiz scions are described below.

mates and sources of uncertainty also are presented.

o o 1.2.1 Factors Affecting Methane
1.1 Emission Characteristics Emissions from Enteric

Methane emissions from enteric fermentation depend Fermentation

on animal type and diet. This chapter primarily fo-Methane emissions are a function of the size of the

cuses on emissions from ruminant livestock. animal population, the quantity of feed consumed, and

. . the efficiency by which an animal converts feed to
Ruminant Livestock. Cattle, sheep, and goats are the

. . . : _ groduct. The lower the efficiency, the greater the
primary ruminant livestock in the U.S. These animal .
amount of methane emitted.

produce more methane per unit of feed consumed than

monogastric and pseudo-ruminant animals. Plant mémproving animal productivity decreases methane
terial consumed by ruminant livestock is fermented bgmissions per unit of product. At the basic level, feed
approximately 200 species of microbes in the rumergoes to maintenance and product. Maintenance is the
the first of a four-part stomach. The microbes convef@roportion of feed needed to satisfy the basic meta-
the plant material into nutrients that livestock can usdolic requirements that keep the animal alive. A sig-
such as volatile fatty acids. Methane, a by-product giificant fraction of the methane emitted by cattle (40 to

this fermentation process, is released to the atmosphéi@ percent) comes from the proportion of the feed used
mainly via the mouth and nostrils. for maintenance (EPA, 1993b). The remaining feed

. . . , energy is used for production. Maintenance require-
Methane from ruminant livestock is derived from a :
ments generally remain constant. Consequently, as

portion of the carbon energy in an animal’s diet. Con-__. . . s
maintenance remains constant and animal productivity

sequently, methane emissions generally decrease Whlﬁgreases, methane emissions go up slightly, but meth-

production efficiency increases because a greater pqr- . :
: , -ane emissions per unit of product decrease.

tion of feed energy consumed goes to production (mllﬁ

or meat) rather than for methane. Increasing animal productivity also reduces the num-

ber of animals needed to satisfy demand. By increas-

Monogastric Animals and Pseudo-Ruminants. . S . .
ing productivity, i.e., producing more meat or milk per

These animals contribute a comparatively small proénimal, meeting national demand for products is pos-

portion of the total methane emitted by livestock in the

US. M i imals (bias) d th Sible with fewer animals. As a result, overall methane
-S. Monogastric animals (pigs) do not have a UM issions decrease. In the U.S,, the dairy industry has

53:1 produce small amounts of methane during Ollge%j'emonstrated the impact of improved productivity on

methane emissions. Between 1960 and 1990, the dairy
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industry increased annual milk production by ten mil- animal ~ region

lion tons with 7.4 million fewer cows, reducing esti- CH, = z Z (EFik ) (Nik)
mated methane emissions by almost one million metric '

tons of carbon (MMTCE) (USDA, 1990; EPA, "Where:

1993a). CH, = Total methane emissions (kg);

Dairy and beef producers can increase production efieF, = Emission factor for animal typén region
ciency by improving feed conversion efficiency, which k (kg/animal); and

is defined as the efficiency by which feed is convertet\;, = Animal population for animal typen

to product. Feed conversion efficiency is influenced regionk.

by feed type. For example, grain feeds are converted

to product more efficiently f[han .forages, such gs hal)émission factors for different animal types are pre-
because they are more digestible and are higher Rnted in Appendix VI in Exhibits VI-3 through VI-5.

protein.
EPA uses a variety of data sources to develop emission
1.2.2 Method for Estimating Current factors and estimate population sizes. Exhibit 6-2 pre-
Methane Emissions sents the data sources for the emission factors and

Emissions are estimated for cattle, sheep, goats, pigmpulation data used to estimate methane emissions, in
and horses. The methods used to estimate emissi@udlition to criteria used to categorize the populations.
are presented below. Information on the emissioBecause management practices affect methane emis-
factors are presented in Appendix VI, Section VI.2sions, cattle are broken down into dairy and beef sec-
Methane emissions from livestock in the U.S. are egoers. However, sheep, goats, pigs and horses are not
timated by: (1) dividing animals into homogenousbroken down beyond the national level because they
groups; (2) developing emission factors for eachmake up a small proportion of emissions from live-
group; (3) collecting population data; (4) multiplying stock.

the population by the emission factor for the respective

group; and (5) summing emissions across animal-2-3 Method for Estimating Future

groups and geographic regions (EPA, 1993a). The Methane Emissions

relationship between the emission factor estimate ariePA develops future emission estimates based on as-
the activity data is presented in the following equationsumptions regarding animal and feed characteristics.

Exhibit 6-2: Sources of Emission Factors and Population Data
Animal Type  Emission Factor Population Data Categorization

Dairy Cattle Based on milk production data and on USDA, 1998a,d ® Categorized by age, diet, and region ¢
the model by Baldwin, et al. (1987a-b) 2

Beef Cattle Based on the model by Baldwin, et al. USDA, 1998a-c Categorized by age, diet, and region

(1987a-b)
Sheep Based on Crutzen, et al. (1986) ¢ USDA, 1998e Not broken down beyond the national level
Goats Based on Crutzen, et al. (1986) USDA, 1998e Not broken down beyond the national level
Pigs Based on Crutzen, et al. (1986) USDA, 1997 Not broken down beyond the national level
Horses Based on Crutzen, et al. (1986) FAO, 1998 Not broken down beyond the national level

a The model by Baldwin, et al. (1987) simulates digestion in growing and lactating cattle using information on animal and feed characteristics.
b The USDA National Agricultural Statistics Service collects data on the U.S. livestock population.
¢ Regions are West, North Central, South Central, North Atlantic, and South Atlantic.

d Crutzen, et al. (1986) developed emission factor estimates using information on typical animal size, feed intakes, and feed characteristics.
Emission factors for developed countries are used for the U.S. inventory, as well as emission estimates in this analysis (EPA, 1999).

Source: EPA, 1999.
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These assumptions differ by animal type and sectaestimates from 1990 to 1997, and projected estimates
and are summatrized below. through 2020. Uncertainties in current and projected

Beef Cattle Current emission factors (EPA, 1993a)est|mates are also discussed.

are used to estimate future emissions from beef cattI(IJ. 3.1 Current Emissions and Trends

The beef cattle population is projected using future , _
. : U.S. livestock emitted 34.1 MMTCE (6.0 Tg) of
production estimates.

methane in 1997. Cattle accounted for 96 percent of
Dairy Cattle. For dairy cows, emission factors usedthese emissions (32.6 MMTCE or 5.7 Tg) and sheep,
to estimate future emissions are adjusted using prgoats, pigs, and horses for the remainder (1.5 MMTCE
jected milk production estimates. Consequently, futurer 0.3 Tg). Exhibit 6-3 presents emissions for 1990 to

emission factors are estimated under the assumptigg97. Emissions from cattle increased by five percent
that milk production per cow increases by 300 poundgom 1990 to 1997.

Ibs/yr) th h 2020. For dai I d
per year (Ibshyr) throug or cairy caves arquring 1990 to 1997, emissions from dairy cattle fell

replacement heifers, current emission factors (EPA, i : . .
. o slightly. The main factor slowing the growth in emis-
1993a) are used to estimate future emissions. _ .
sions was the decrease in the cow and replacement
The dairy cow population is estimated by taking nekeifer populations because of increased production
demand (including exports) and dividing it by theefficiency in the dairy industry. As production effi-
projected milk production per cow. Populations ofciency increases, fewer animals are required to satisfy

calves and replacement heifers are estimated using &mand, and total methane emissions decrease.

1995 ratio of calves and replacement heifers to cows. , L
As presented in Exhibit 6-3, beef cattle accounted for

Sheep, Goats, Pigs, and Horsesuture population approximately 75 percent of cattle emissions in 1997.
estimates are multiplied by current emission factorghe growth in total emissions over the 1990 to 1997
(EPA, 1993a) to estimate future emissions. period is largely due to an increase in emissions from

EPA estimates future animal populations using USDA€ET cattle.  This increase is driven primarily by an
projections through 2005 (USDA, 1996). Populationdcréase in the demand for beef, which is driven by

are projected beyond 2005 through 2020 for each spddman population growth and food preferences.
cies using the following assumptions. Higher demand for meat increases the beef cattle

_ . population and emissions. Non-cattle and dairy cattle
> Sheep. Consumption of lamb/mutton is expectedgmissions over the period remain about the same.
to decrease, causing a decrease in the sheep

population. 1.3.2 Future Emissions and Trends
> Goats. The goat population is expected to remairfs presented in Exhibit 6-4, methane emissions from
constant. livestock are projected to increase between 2000 and

_ _ . _ 2020, excluding possible Climate Change Action Plan
Plgs. The pig populatlon IS expectgd © 'ncre_ase(CCAP) reductions. In 2020, emissions from livestock
in response to increased consumption per capita. are expected to reach 37.7 MMTCE (6.6 Tg), 36.2
» Horses. The horse population is calculated byMMTCE (6.3 Tg) from cattle and 1.5 MMTCE (0.3
estimating the future number of horses per capitd,g) from sheep, goats, pigs, and horses. The increase
and multiplying it by the extrapolated humanin emissions will be driven by beef cattle, due to the

population. same factors that underlie the trends discussed above —
o _ increased human population and food preferences
1.3 Emission Estimates leading to higher beef consumption and more beef

The methods described in the previous section afétle. Exports of beef also are expected to increase.

used to estimate methane emissions from livestock
enteric fermentation. This section presents emission
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Exhibit 6-3: Methane Emissions from Livestock (MMTCE)

Animal Type 1990 1991 1992 1993 1994 1995 1996 1997
Non-Cattle

Sheep 0.5 0.5 05 0.5 04 04 0.4 0.3

Goats 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Pigs 0.5 0.5 05 0.5 05 05 0.5 05

Horses 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6

Total Non-Cattle 16 1.7 17 16 1.6 1.6 16 1.6

Dairy Cattle

Cows 6.6 6.6 6.6 6.6 6.6 6.6 6.6 6.6

Replacement Heifers 0-12 Months 0.5 0.5 05 0.5 05 05 0.4 0.4

Replacement Heifers 12-24 Months 14 14 14 14 14 14 13 1.3

Total Dairy 84 84 84 8.4 84 84 8.3 8.3

Beef Cattle

Cows 12,5 12.6 12.8 13.0 135 13.6 135 13.2
Replacements 0-12 0.7 0.7 0.7 0.8 0.8 0.8 0.7 0.7

Replacements 12-24 19 2.0 2.1 2.2 2.3 2.3 2.2 2.1

Slaughter-Weanlings 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.8

Slaughter-Yearlings 5.6 5.6 5.6 5.6 5.9 6.1 6.0 6.2

Bulls 12 13 13 13 13 14 13 13

Total Beef 22.6 22.8 23.1 23.6 24.5 24.9 24.6 24.3
Total Cattle 311 31.2 31.6 32.0 329 333 329 32.6
Total Livestock 32.7 32.8 332 33.6 34.5 34.9 34.5 34.1

Totals may not sum due to independent rounding.

Exhibit 6-4: Projected Baseline Methane Emissions from Livestock (MMTCE)

Animal Type 2000 2005 2010 2015 2020
Sheep 0.3 0.3 0.3 0.3 0.3
Goats 0.1 0.1 0.1 0.1 0.3
Hogs 05 0.6 0.6 0.6 0.1
Horses 0.6 0.7 0.7 0.7 0.8
Total Non-Cattle 15 1.7 1.7 1.8 15
Dairy Cattle 8.5 8.8 8.8 8.9 8.9
Beef Cattle 25.1 254 26.1 26.7 27.3
Total Cattle 33.7 34.1 34.9 35.6 36.2
Total Livestock 35.2 35.9 36.6 37.3 37.7

Totals may not sum due to independent rounding.

Fu'ture emissions will also be mﬂuencgd by changes 0 4 Emission Estimate Uncertainty
animal management and feed practices. In the next
section, some of these alternative management an#le¢ methane emission estimates used in this analysis
feeding practices are described. Depending on ho@fe based on estimated animal and feed characteristics.

widespread these practices become, they will affedlthough the animal and feed characteristics used in
future levels of methane emissions. the analysis represent the range of U.S. characteristics,

they may not represent the full diversity in the U.S.
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For sheep, goats, pigs, and horses, emission factor & mbining proper nutritional management with proper
timates are based on data from developed countrigsterinary care promotes growth and leads to higher
(U.S., Germany, and England), and not specificalljevels of production than in the absence of such care.
from the U.S. Consequently, there is moderate uncefhis care includes applying proper management tech-
tainty in how closely the emission factors representiques to maintain the comfort and health of the ani-
typical animal sizes, feed intake, and feed characterigals.

ticsinthe U.S. Grazing Management Grazing cattle emit a signifi-

cant portion of the methane from enteric fermentation.
2.0 Emission Reductions Consequently, implementing proper grazing manage-

ment practices to improve the quality of pastures in-
Unlike other methane emission sources for which thergeases animal productivity and has a significant im-
are technologies or practices aimed specifically at rggact on reducing methane emissions from livestock
ducing emissions, no such control options are currentgnteric fermentation. By examining soil and plant
available for enteric fermentation. For this reasongomposition and implementing steps to improve the
EPA did not develop marginal abatement curves fanealth of the soil and ensuring the right mixture of
emission reductions from enteric fermentation. Nevplants, producers can enhance the nutrition and health
ertheless, some aspects of livestock management azirthe cattle, and increase production.
regult in lower emissigns, principally b_y impr.oving Management intensive grazing is an effective form of
daqy and bee?c producthn efﬁuengy. This sect.lon degrazing management. Unlike continuous grazing, in
scnbes'techn!q'ues avaﬂaplg or in-use thaF IMPrOVhich cattle graze on large pastures for long periods of
p.roductlon efficiency. _Ad_dltlonally, this gectlon Pro- e and deplete the pasture of healthy plants, man-
vides forecasts of emissions under various assumggemem intensive grazing is a form of grazing in

fuons, and de§cr|bes hoyv improved techniques will bﬁ/hich animals are rotated regularly among grazing
implemented industry-wide. units (paddocks) to maximize forage quality and quan-
tity. This form of grazing management leads to vigor-
ous plant growth, healthy soil, and a constant, nutri-
tious source of food for the cattle. Overall, the health
Implementing proper management techniques to inef the pasture is increased significantly. Production
prove animal nutrition and reproductive health is thefficiency increases as a result, thereby reducing meth-
primary means of improving production efficiency. ane emissions per unit product and total methane emis-
Other reduction options, such as production enhancingijons.
agents, trade, and pricing systems are also used to in-... . o .
gents, » and pricing sy o Aftificial Insemination . An animal's genes have a
crease production efficiency. Specific management. .~ . . L e
. . ; . e significant influence on its productivity. Atrtificial in-
techniques that improve animal production efficiency = . . .
. semination enables farmers to improve the genes of
are discussed below. : . . . .
their herd by impregnating the animals with semen
Animal Nutrition and Health . The principal areas from healthy and productive bulls. In the U.S., artifi-
for improving animal productivity involve applying cial insemination is widely used by dairy operations.
sound nutrition and veterinary practices. Feed that irtificial insemination is less popular in the beef in-
better tailored to the metabolic requirements of theustry with approximately seven percent of operations
animal and that can be digested efficiently results in asing the procedure in 1997 (USDA, 1998f). Given
greater proportion of the energy consumed going tahat genes affect animal productivity, artificial insemi-
wards production, and less to waste and methane emisation is an excellent technique to improve the genes
sions. Some feeds, such as distiller grains, are high ¢f an animal herd. An increase in the use of artificial

protein and are highly digestible. insemination by beef operations could increase animal

2.1 Technologies for Reducing
Methane Emissions
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productivity and reduce methane emissions per unit
product.

rates, feed efficiency, and lean tissue accretion
(EPA, 1993b).

Production Enhancing Agents With advances in >
science and biotechnology, a number of production

enhancing agents are available that increase production
efficiency in cattle. Production enhancing agents are

meant to enhance the effect of proper animal health,

nutrition, and grazing management practices. Three

production enhancing agents are commonly available

and are discussed below.

lonophores (Beef Industry). lonophores are
polyether antibiotics produced by soil microor-
ganisms that gained attention in the 1970s for their
ability to improve feed digestibility in cattle. They
are administered to cattle by mixing them with
feed or by providing them as a component of a
multi-nutrient block, which is often a solid block
Two

» Bovine Somatotropin (Dairy Industry). Bovine

Somatotropin (bST), also known as bovine growth

of molasses supplemented with nutrients.
types of ionophores, monensin and lasalocid, have
been approved for use in the U.S. (EPA, 1993b).

hormone (BGH), is a naturally occurring growth Market Based Strategies. Practices that are focused
hormone in bovines produced by the pituitaryon improving the health and nutrition of the animals
gland. Recombinant bST (rbST), an essentiallare key to improving production efficiency. However,
identical form of bST, is produced using modernother strategies, such as trade and pricing systems, also
biotechnology. The use of rbST with dairy cowshave a substantial influence on production and man-
can increase milk production per cow per year byagement techniques.

12 percent or by 1,800 Ibs (EPA, 1996). After th
U.S. Food and Drug Administration (FDA) ap-
proved the use of rbST, it was released on the
market in 1994. Approximately 15 percent of the
dairy cow population is treated with rbST (Mon-
santo, 1998). While there is still considerable
public debate regarding the health risks of rbST,
the FDA approved the use of rbST after perform-
ing a rigorous analysis of the potential health ef-
fects. Given that rbST is cost-effective and con-
sidered safe by the FDA, increased use of rbST is
expected to take place in the future. If adopted
widely by the dairy industry, the use of rbST could”
increase production efficiency and reduce meth-
ane emissions from dairy cattle by one to three
percent, holding other factors constant (EPA,
1996).

Anabolic Agents (Beef Industry). Anabolic
steroids increase the rate of weight gain and feed
intake in growing heifers and steers. The in-
creased rate of weight gain reduces the time it
takes for calves to reach slaughter weight. Steroid
implants are considered cost-effective (USDA,
1987) and have been approved by the FDA. Ster-
oids can reduce emissions by enhancing growth

U.S. Environmental Protection Agency

Trade. Changes in beef and dairy trade policy
could result in higher U.S. emissions, but possibly
lower emissions worldwide. Because U.S. dairy
and beef operations are among the most efficient
operations in the world, increasing U.S. exports
could displace less efficient operations in other
countries, and lower emissions. Although U.S.
beef and dairy exports are currently low, they are
expected to increase in the future as the U.S. beef
industry seeks to gain greater access to foreign
markets.

Dairy Prices. Changes in the pricing systems for
dairy products can reduce methane emissions. In
the U.S., milk is uniformly graded and priced ac-
cording to its butterfat content. This pricing sys-
tem was useful when the demand for high-fat milk
was stronger than it is today. With the demand for
low-fat milk increasing, the dairy industry has be-
gun changing from a single-component pricing
system to a multiple-component pricing (MCP)
system in which other components of milk, pri-
mavily protein, are reflected in the price.

If this trend continues, producers will modify the
feeding regimes of their dairy cows to include or
increase the amount of high-protein feedstuffs,
such as grain, which is also highly digestible. In-
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creasing the proportion of high-protein feedstuffspractices and strategies described above are imple-
will increase production. In addition, producersmented. Potentially achievable emissions for dairy
will breed cows that are genetically favored toand beef cattle are presented in Exhibit 6-5 and Exhibit
produce low-fat, high-protein milk. These modifi- 6-7, respectively.

cations would reduce methane emissions by

. . . Irbairy Cattle. Exhibit 6-5 provides future emission
creasing production efficiency.

estimates from dairy cattle using scenarios in which

» Beef Prices Industry efforts are also underway torbST and MCP are adopted. USDA (1996) estimated
improve the quality of beef through Value-Basedmilk production per cow and demand for dairy prod-
Marketing, an industry trend leading to more acucts through 2005. Demand after 2005 is expected to
curate pricing of beef based on value. One effegemain constant. In Exhibit 6-5, a constant baseline
would be a reduction in incentives to produce exincrease of 300 pounds of milk per cow per year is
cess fat in beef. Reducing fat in the animalsised to estimate future milk production. This increase
would be achieved through genetic improvementgs a current trend that is expected to continue as the
and more efficient feeding practices. The resultlairy industry improves production efficiency. Future
would also lead to lower methane emissions. cow populations are estimated by using projected es-

This Value-Based Marketing trend may also pro-t imates of demand and milk production.

vide incentives for a more efficient calf-slaughterThe emission factor estimates are multiplied by pro-
system. Generally, calves go through one of twgected population estimates to estimate future emis-
paths after they are weaned. Approximately 8@ions. The emission factor estimates for dairy cows
percent of calves pass through a stocker or backhange through time to account for changes in milk
grounding phase for several months, before erproduction levels.

tering the feedlot. The remaining 20 percent O‘Exhibit 6-5 shows the reduction in methane emissions

calves go straight to the feedlot. Calves that A on ST and MCP are adopted. Improvements in

backgrounded are slaughtered at an older age aﬁﬂimal and feed characteristics could potentially in-

consequently emit more methgne during their IIfecrease production efficiency and reduce emissions
cycle than calves that go straight to the feedlo rther
The Value-Based Marketing trend may cause an '
increase in the number of calves going directly td3eef Cattle EPA estimated methane emissions from

feedlots, with a consequent reduction in methankeef cattle for three sets of emissions scenarios: (1)

emissions (EPA, 1993a). low; (2) medium; and (3) high emissions. The sce-
narios are presented in Exhibit 6-6, and the emissions
2.2 Achievable Emission Reductions estimates for each scenario are presented in Exhibit 6-

. For each of these sets, a baseline is defined by the

This section provides potential emission reduction . i .
P P gvel of domestic consumption and exports. Within

under varying assumptions about how some of th

Exhibit 6-5: Projected Dairy Methane Emissions (MMTCE)

Scenario 2000 2005 2010 2015 2020
(1) Current emission factors 8.59 9.05 9.39 9.62 9.91
(2) Baseline increase of 300 Ibs of milk/yr 8.53 8.82 8.82 8.88 8.93
(3) Low rbST Adoption — no MCP 8.48 8.71 8.76 8.82 8.88
(4) High rbST Adoption- no MCP 8.42 8.65 8.71 8.76 8.82
(5) No rbST Adoption- with MCP 8.25 8.48 8.48 8.53 8.59
(6) Low rbST Adoption - with MCP 8.19 8.42 8.42 8.48 8.53
(7) High rbST Adoption - with MCP 8.13 8.36 8.36 8.42 8.48

rbST = Recombinant Bovine Somatotropin; MCP = Multiple Component Pricing
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each set, EPA evaluated alternative scenarios that are
defined in terms of improvements in the cow-calf
phase and the growth-to-slaughter phase. These char-
acteristics are described below.

» Domestic Consumption As presented in Exhibit
6-6, future emissions are calculated under low,
middle and high beef consumption scenarios,
which combine different levels of domestic and
export consumption. Consumption projections are
the product of future per-capita consumption and
population estimates. USDA (1996) published
projected estimates of beef consumption through
2005.

» Exports. The U.S. cattle industry is highly effi-
cient compared to the cattle industries of other
countries. Consequently, increasing U.S. cattle
exports would displace less efficient operations,
and reduce methane emissions per unit product
worldwide. Exhibit 6-6 summarizes the low, me-
dium, and high export scenarios.

» Cow-Calf Phase Improvements in management
and nutrition are underway in the cow-calf sector,
which accounts for a large portion of methane
emitted by cattle in the U.S. Researchers and ex-
tension agents are working with producers to im-

prove pasture management and implement better
management techniques that improve animal
health and nutrition. Because cow-calf operations
in the southeastern U.S. are less efficient than
cow-calf operations in other regions of the U.S,,
improving management practices in the southeast
could have significant impacts on reducing meth-
ane emissions. Consequently, the cow-calf phase
scenario in this analysis is for cow-calf operations
in the southeastern U.S.

Implementing these measures improves produc-
tion efficiency, which can be expressed in terms of
calving rates and two-year-old heifer calving rates.
The calving rate is the proportion of calves born
from the total number of mature cows. The two-
year-old heifer calving rate is the proportion of
heifers in the population that successfully produce
a calf by two years of age. Currently, the calving
rate and two-year-old heifer calving rate for cow-
calf operations in the southeast are approximately
70 and 50 percent, respectively. Improving these
efficiencies would reduce the number of mother
cows needed and, therefore, would reduce meth-
ane emissions. Exhibit 6-6 presents three cow-calf
scenarios for low, medium, and high emissions.

Exhibit 6-6: Scenarios for Estimating Future Emissions from Beef Cattle

Domestic
Scenario Consumption Export Scenario
Scenario

Growth-to-Slaughter

Cow-Calf Phase Scenario ¢ Phase Scenario d

Low Emissions Continues to decline  Increase by 25 million

By 2010, the calving rate and By 2010, 20/80 percent

at the rate projected  pounds per year by two year old heifer calving weanling/yearling
for 2000 to 2005 2020 rate increase to 85 and 75 changes to 80/20 per-
percent, respectively cent
Medium Emis- Average of low and Average of low and By 2015, the calving rate and By 2010, 20/80 percent
sions high demand sce- high scenarios two year old heifer calving weanling/yearling
narios rate increase to 85 and 75 changes to 50/50 per-
percent, respectively cent
High Emissions ~ Remains atthe 2005 By 2015, equal toten By 2020, the calving rate and By 2010, 20/80 percent
consumption level percent of total con-  two year old heifer calving weanling/yearling
sumption rate increase to 85 and 75 changes to 30/70 per-
percent, respectively cent

a For the baselines, the calving rate and two year old heifer calving rate are 70 and 50 percent, respectively.
b The calving rate is the proportion of calves born to the total number of cows in the population (expressed as a percentage).
¢ The two year old heifer calving rate is the proportion of heifers calving at two years of age to the total number of heifers that are two years

of age or older in the population (expressed as a percentage).

4 For the baselines, the growth-to-slaughter phase is 20 percent weanling/80 percent yearling.

U.S. Environmental Protection Agency
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» Growth-to-Slaughter Phase Efforts are also 2 3 Reduction Estimate
underway to improve productivity in the growth- -
to-slaughter phase by increasing the proportion of Uncertainties and

calves that go directly from weaning to feedlots. Limitations

Currently, approximately 20 percent of the calves

go straight to feedlots, while 80 percent are held ifonsiderable uncertatinty is associated with the
a stocker phase for backgrounding. For thiscenarios shown in Exhibit 6-7. The major source of

analysis, calves that go straight to feedlots argncertainty are the forecasts of emission factors which
called weanlings, while calves that go throughdepend on the extent to which the various strategies to
extended backgrounding are called yearlings. Inmprove production efficiency are implemented. In
creasing the percentage of weanlings would readdition, there are major uncertanities in forecasts of
duce the age at slaughter and would reduce metdlemand for dairy and beef products that will influence
ane emissions. In addition to increasing the prathe future animal population.

portion of calves that are weanlings, improved

health and nutrition also increases production effi-

ciency in the growth-to-slaughter phase. EPA cre-

ated three scenarios to estimate projected emis-

sions in growth-to-slaughter (see Exhibit 6-6).

Exhibit 6-7 presents the methane emissions for each
scenario.

Exhibit 6-7: Methane Emissions from Beef Cattle (MMTCE)

Scenario 2000 2005 2010 2015 2020
Low Emissions Scenario
Baseline - Low 25.1 254 254 25.4 25.2
Large Weanling/Yearling shift to 80% 24.4 239 23.0 23.0 22.9
Improved cow-calf by 2010 24.9 24.8 245 24.4 24.2
Both - Low 24.1 233 22.1 22.1 21.9
Middle Emissions Scenario
Baseline — Mediuma 25.1 25.4 26.1 26.7 27.3
Medium Weanling/Yearling shift to 50% 24.8 24.6 24.9 254 25.9
Improved cow-calf by 2015 24.9 25 25.3 25.7 26.2
Both — Medium 24.5 24.2 24.1 24.5 25.0
High Emissions Scenario
Baseline - High 25.1 25.4 21.7 30.2 314
Small Weanling/Yearling shift to 30% 25.0 25.2 27.3 29.8 31.0
Improved cow-calf by 2020 25.0 25.1 27.1 294 30.3
Both - High 24.9 24.8 26.7 28.9 29.8

a EPA used this scenario to estimate future methane emissions from beef cattle as indicated in Exhibit 6-4.
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Appendix |: Supporting Material for
Composite Marginal Abatement
Curve

This appendix presents the data EPA used to develop the composite marginal abatement curve (MAC). The first
section summarizes the incremental emissions reductions associated with each source, i.e., landfills, natural gas
systems, coal mining, and livestock manure. The second section presents the approach to fit an equation to the
MAC data.

I.1 Estimates for Composite Marginal Abatement Curve

This section presents estimates of the incremental emission reductions for each combination of carbon equivalent
value and methane source. Exhibit I-1 presents these estimates. The exhibit also includes the cumulative
emission reductions. These cumulative emission reductions form the composite MAC for 2010.

Exhibit I-1: Composite Marginal Abatement Curve Schedule of Options for 2010

Value of . Value of .
Carbon Incremgntal Cumula}twe Carbon Incremgntal Cumulthe
Equivalent Reductions Source Reductions Equivalent Reductions Source Reductions

sTcE | (MMTCE) (MMTCE) sTcE  (MMTCE) (MMTCE)
($30.00) 0.29 Manure-Dairy 0.29 ($16.32) 0.25 Coal 13.91
($30.00) 1.23 Manure-Swine 1.52 ($16.00) 0.98 Natural Gas 14.89
($23.72) 0.45 Natural Gas 1.98 ($15.74) 0.19 Natural Gas 15.08
($23.62) 0.23 Natural Gas 2.20 ($15.67) 0.09 Natural Gas 15.17
($23.24) 0.64 Natural Gas 2.85 ($15.11) 0.73 Natural Gas 15.89
($23.01) 0.12 Natural Gas 2.96 ($14.45) 0.05 Natural Gas 15.95
($22.95) 0.24 Natural Gas 3.20 ($14.41) 0.35 Natural Gas 16.30
($20.85) 0.32 Natural Gas 352 ($14.14) 0.41 Coal 16.71
($20.00) 0.77 Manure-Dairy 4.29 ($14.02) 0.14 Natural Gas 16.86
($19.86) 0.33 Natural Gas 4.62 ($13.41) 0.29 Coal 17.15
($19.77) 0.42 Natural Gas 5.04 ($12.17) 0.90 Natural Gas 18.04
($19.51) 0.87 Coal 591 ($11.78) 0.31 Coal 18.35
($19.32) 1.63 Natural Gas 7.54 ($11.50) 0.26 Coal 18.61
($19.18) 0.01 Natural Gas 7.55 ($11.32) 0.41 Coal 19.02
($19.14) 0.79 Coal 8.34 ($11.01) 0.20 Natural Gas  19.22
($19.13) 0.59 Natural Gas 8.93 ($10.65) 0.04 Natural Gas 19.27
($18.96) 1.63 Coal 10.55 ($10.59) 0.16 Coal 19.43
($18.87) 0.77 Coal 11.32 ($10.50) 0.42 Coal 19.84
($18.69) 0.57 Coal 11.89 ($10.39) 0.65 Natural Gas  20.49
($18.42) 0.48 Coal 12.37 ($10.28) 0.02 Natural Gas  20.52
($16.86) 0.39 Natural Gas 12.76 ($10.00) 0.62 Manure-Dairy ~ 21.14
($16.70) 0.43 Natural Gas 13.20 ($9.51) 0.04 Natural Gas 21.18
$16.41) 0.47 Coal 13.67 ($9.23) 0.19 Coal 21.37
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Exhibit I-1: Composite Marginal Abatement Curve Schedule of Options for 2010 (continued)

Value of . Value of .
Carbon Increme_ntal Cumula}twe Carbon Incremgntal Cumula}t|ve
Equivalent Reductions Source Reductions Equivalent Reductions Source Reductions
$/TCE (MMTCE) (MMTCE) $/TCE (MMTCE) (MMTCE)
($9.16) 0.56 Natural Gas 21.93 $12.41 0.09 Coal 43.32
($7.87) 0.47 Coal 22.40 $12.78 0.11 Coal 43.43
($7.68) 0.38 Coal 22.78 $12.87 0.09 Coal 43.52
($7.50) 0.39 Natural Gas 23.17 $14.32 0.03 Coal 43.55
($6.92) 0.06 Natural Gas 23.24 $15.60 0.16 Coal 4371
($6.77) 0.33 Coal 23.57 $16.23 0.07 Coal 43.78
($6.50) 0.09 Coal 23.66 $16.51 0.14 Coal 43.92
($6.23) 0.22 Coal 23.88 $16.78 0.11 Coal 44.03
($4.77) 0.34 Coal 24.21 $16.87 0.03 Coal 44.06
($3.80) 0.01 Natural Gas 24.22 $17.51 0.09 Coal 44.15
($3.23) 0.20 Coal 24.42 $18.42 0.06 Coal 44.21
($2.50) 0.14 Coal 24.56 $18.71 0.06 Natural Gas 44.27
($1.61) 0.01 Natural Gas 24.57 $18.84 0.35 Natural Gas 44.63
($1.41) 0.17 Coal 24.74 $18.84 0.22 Natural Gas 44.84
($1.32) 0.07 Coal 24.81 $19.06 0.14 Natural Gas 44.98
($0.86) 0.27 Coal 25.07 $19.69 0.06 Coal 45.04
($0.82) 0.60 Natural Gas 25.67 $20.00 0.20 Manure-Dairy ~ 45.24
($0.59) 0.03 Coal 25.70 $20.00 1.54 Manure-Swine  46.78
($0.05) 0.10 Coal 25.80 $20.00 5.79 Landfills 52.57
$0.00 0.50 Manure-Dairy 26.30 $21.14 0.04 Coal 52.62
$0.00 10.55 Landfills 36.85 $21.51 0.02 Coal 52.63
$0.41 0.06 Coal 36.91 $22.87 0.07 Coal 52.70
$0.95 0.16 Coal 37.07 $23.96 0.05 Coal 52.75
$1.05 0.07 Coal 37.13 $24.51 0.03 Coal 52.77
$1.32 0.25 Coal 37.38 $24.65 0.00 Natural Gas 52.77
$2.05 0.15 Coal 37.53 $27.87 0.06 Coal 52.83
$3.51 0.15 Natural Gas 37.68 $29.70 6.28 Coal 59.10
$4.96 0.02 Coal 37.70 $30.00 0.18 Manure-Dairy 59.28
$5.23 0.24 Coal 37.94 $30.00 2.28 Manure-Swine  61.57
$5.25 0.02 Natural Gas 37.96 $30.00 1.22 Landfills 62.79
$6.45 0.14 Natural Gas 38.10 $31.59 0.51 Natural Gas 63.30
$6.58 0.04 Natural Gas 38.14 $35.52 0.77 Natural Gas 64.07
$6.60 0.10 Natural Gas 38.24 $35.52 0.00 Natural Gas 64.07
$7.19 0.03 Natural Gas 38.27 $38.14 0.87 Natural Gas 64.94
$7.62 0.21 Natural Gas 38.47 $38.60 0.42 Natural Gas 65.36
$9.32 0.18 Coal 38.65 $39.77 0.00 Natural Gas 65.36
$9.59 0.03 Coal 38.68 $40.00 0.16 Manure-Dairy ~ 65.52
$10.00 0.31 Manure-Dairy 39.00 $40.00 1.45 Manure-Swine  66.97
$10.00 0.12 Manure-Swine  39.11 $40.00 0.29 Landfills 67.26
$10.00 3.89 Landfills 43.01 $40.88 0.00 Natural Gas 67.26
$11.23 0.03 Coal 43.04 $45.21 0.94 Natural Gas 68.20
$11.41 0.04 Coal 43.08 $47.09 0.32 Natural Gas 68.52
$11.69 0.07 Coal 43.14 $47.54 0.02 Natural Gas 68.54
$12.04 0.00 Natural Gas 43.14 $50.00 0.16 Manure-Dairy 68.70
$12.14 0.09 Coal 43.23 $50.00 1.18 Manure-Swine  69.88
-2 U.S. Methane Emissions 1990-2020: Inventories, Projections, and Opportunities for Reductions



Exhibit I-1: Composite Marginal Abatement Curve Schedule of Options for 2010 (continued)

Value of . Value of .
Carbon Incremgntal Cumula}twe Carbon Incremgntal Cumula}twe
Equivalent Reductions Source Reductions Equivalent Reductions Source Reductions
$/TCE (MMTCE) (MMTCE) $/TCE (MMTCE) (MMTCE)
$50.00 0.11 Landfills 69.98 $100.00 0.02 Landfills 75.54
$52.10 0.67 Natural Gas 70.65 $113.08 0.12 Natural Gas 75.66
$56.12 0.56 Natural Gas 71.22 $116.47 0.45 Natural Gas 76.10
$65.77 0.00 Natural Gas 71.22 $125.00 0.30 Manure-Dairy  76.41
$75.00 0.42 Manure-Dairy ~ 71.63 $125.00 0.08 Manure-Swine  76.49
$75.00 2.77 Manure-Swine  74.40 $140.29 0.01 Natural Gas 76.50
$75.00 0.05 Landfills 74.45 $150.00 0.27 Manure-Dairy ~ 76.77
$76.24 0.08 Natural Gas 74.53 $166.22 0.03 Natural Gas 76.80
$95.34 0.21 Natural Gas 74.74 $175.00 0.23 Manure-Dairy ~ 77.03
$95.47 0.00 Natural Gas 74.74 $188.35 0.07 Natural Gas 77.10
$100.00 0.38 Manure-Dairy ~ 75.12 $200.00 0.19 Manure-Dairy ~ 77.29
$100.00 0.40 Manure-Swine 75.52

.2 Equation for Composite Marginal Abatement Curve

The relationship between the additional value of carbon equivalent ($/TCE) and the cumulative emission
reductions, i.e., abated methane in MMTCE is shown in Exhibit 1I-2. The cumulative emission reductions
increases relatively slowly as a function of the value of carbon equivalent. As the cumulative emission reductions
reach about 75 MMTCE, the reduction plateau and cannot be further abated at higher $/TCE values. In order to
represent the steepness of the curve at values close to 75 MMTCE, EPA determined a best-fit curve based on the
data points. This equation is defined by:

y = parameter * exp [parameter/ (max —x)] offset

where:

y = additional value of carbon equivalent ($/TCE)

X = cumulative emission reductions (MMTCE)

parameter, parameter, offset, and max = determined parameters

All values of, i.e., cumulative emission reductions, must be less than the value of max. This curve has the
property that as the value increases to the value of max, yhealue will tend to infinity, so the curve will
approximate the steep rise at the maximuwalue.

EPA used the method of least squares to find the best fitting curve. This method estimates the parameters by
minimizing the mean square error (MSE), i.e., the average squared difference between the actual and fitted values
ofy. MSE = (actuay fitted y)*/ n, wheren is the number of pairs, i.e., 159 pairs of abated methane and
additional value of carbon equivalent. The minimum MSE is 68.6. The fitted parameters are:

offset = 60
parameter = 30
parameter= 45
max = 102

YVVY

U.S. Environmental Protection Agency — September 1999 Appendix | I-3



The resulting equation is given by:
y =30 x* exp [45/(102¢)] - 60

The squared correlation coefficient (R squared) between the actual and predicted yailsi€s98f showing a
reasonably good fit on a scale of zero to one, one being a perfect fit. Although the model was fitted using the
method of least squares, the optimum least squares solution for this problem is also the solution with the
maximum possible R squared. Exhibit -2 presents the 159 data points and the fitted curve.

Exhibit II-2: Marginal Abatement Curve for U.S. Methane Emissions in 2010
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Appendix Il: Supporting Material for the
Analysis of Landfills

In this appendix, EPA presents details on the methodologies to estimate the annual waste disposal rates and the
costs for recovering methane from landfills. The appendix is comprised of six sections. The first section dis-
cusses the approach for projecting waste landfilled, and the second presents the assumptions used to evaluate
costs and cost-effective emission reductions from landfill gas-to-energy projects (LFGTE). The third section de-
scribes the estimation method for the energy prices for which EPA conducts the analysis. The fourth section pre-
sents 84 break-even waste-in-place (WIP) and gas price combinations, a subset of which are used to construct a
marginal abatement curve (MAC). The fifth section presents the cost-effective methane emission reductions for
the energy prices and finally, the sixth section presents the uncertainties associated with the methods and analyses.

1.1 Waste Landfilled

This section provides an overview of the methods EPA uses to simulate waste in the population of U.S. landfills.
EPA simulates waste disposal in U.S. landfills for the years 1990 through 2050. EPA bases the waste disposal
data prior to 1990 on a 1988 landfill survey (EPA, 1988). For the years 1990 to 1997, EPA uses the BioCycle
data presented in Exhibit II-1 (BioCycle, 1998). After 1997, waste disposal remains constant at 179,418 metric
tons (MT). This estimate is the average of the BioCycle data from 1990 to 1995.

The analysis bases the total amount of waste disposed in each landfill on the design capacity and waste accep-
tance rate over time. Exhibit 1I-2 shows the design capacity for the categories of modeled landfills and Exhibit 11-

3 shows the percent of municipal solid waste (MSW) disposed in each landfill category from 1990 to 2050. Ex-
hibit 1I-4 shows how EPA apportions total waste according to the waste disposal rates for each design capacity
provided in Exhibit 11-2.

Exhibit II-1: Landfill Waste Data

MSW Disposed in Land-

Waste Generated? Waste Landfilled for

Year (000 MT) Percent Landfilled? f|||<s SVSE?Oggplzﬂachlty Categories 1-5¢
1990 266,542 7% 10% 184,714
1991 254,797 76% 9% 175,443
1992 264,843 2% 9% 173,907
1993 278,573 71% 8% 181,568
1994 293,110 67% 8% 181,458
1995 296,586 63% % 173,770
1996 297,268 62% % 171,405
1997 309,075 61% % 175,338

ab Source: BioCycle, 1998.
¢ These landfills are analyzed separately as they are excluded from EPA’s 1988 landfill survey.

4 The average between the beginning of 1990 to the beginning of 1995, is used to estimate total waste apportioned in each landfill category
(see Exhibit 11-4).
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Exhibit I1-2: Modeled Landfill Categories

Landfill Category Capacity (MT)
1- Small 500,000
2 - Small-Medium 1,000,000
3 - Medium 5,000,000
4 - Large 15,000,000
5 - Very Large > 15,000,000

Exhibit 1I-3: MSW Landfill Waste Disposal Rates (Percent of Total MSW Landfill Disposed)
Category Base ('90) 1990-95  1995-00  2000-05  2005-10  2010-15  2015-20  2020-25  2025-50

1 3.0% 2.0% 2.0% 1.5% 1.0% 1.0% 0.5% 0.5% 0.5%
2 9.6% 9.0% 8.0% 7.0% 6.0% 5.0% 4.0% 3.0% 2.0%
3 39.4% 40.0% 40.0% 40.0% 40.0% 40.0% 40.0% 40.0% 40.0%
4 27.0% 29.0% 30.0% 30.5% 31.0% 31.5% 32.0% 32.0% 32.0%
5 21.0% 20.0% 20.0% 21.0% 22.0% 22.5% 23.5% 24.5% 25.5%

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

Exhibit II-4: Total Waste Apportioned by Landfill Category (MT)
Category Base('90) 1990-95  1995-00  2000-05  2005-10  2010-15  2015-20  2020-25  2025-50

1 5,541 3,588 3,588 2,691 1,794 1,794 897 897 897
2 17,732 16,148 14,353 12,559 10,765 8,971 7,177 5,383 3,588
3 72,777 71,767 71,767 71,767 71,767 71,767 71,767 71,767 71,767
4 49,873 52,031 53,825 54,722 55,620 56,517 57,414 57,414 57,414
5 38,790 35,884 35,884 37,678 39,472 40,369 42,163 43,957 45,752

Total: 184,7142  179,418> 179,418 179,418 179,418 179,418 179,418 179,418 179,418

ab Source: BioCycle, 1998.
b 1995-2050 estimates are based on the average of the beginning of 1990 to the beginning of 1995.

11.2 Costs For Implementing Electricity And Direct Gas Use
Projects

EPA uses different methods to estimate capital and operating and maintenance (O&M) costs for electricity gen-
eration and direct gas use. Exhibit 1I-5 presents the equations and assumptions used to calculate the total costs for
electricity generation and Exhibit 11-6 presents those used for direct gas use projects.

Exhibit II-5: Landfill Gas-to-Energy Project Cost Factors For Electricity Generation Projects

Cost Component Cost Factors or Equation Comments

Collection System Capital Cost [WIP (108 MT)]08 x $468,450 The maximum amount of waste-in-place (WIP) during
the project lifetime is used to estimate the capital cost.

Collection System O&M Annual Costs 0.04 x Capital Cost + $49,019

Flare System Capital Costs (Max Gas (ft3/min) x $31) + $64,828  Max Gas is the peak gas flow rate during the antici-
pated operating lifetime from the collection system in
cubic feet per minute.

Flare System O&M Costs 1.697 x Max Gas (ft¥/min) + $3,497
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Exhibit 11-5: (continued)

Cost Component Cost Factors or Equation Comments

Electric System Capacity in Megawatts Max Gas (ft¥/min) x 500 Btu/ft3 Max Gas is the peak gas flow rate from the collection

(MW) system in cubic feet per minute. The heat rate of the
10,000 Btu/kWh x 1,000 kW/MW IC engine is 10,000 Btu/kWh. The landfill gas is 50%

methane, with a Btu content of 500 Btu/ft3.

Electric Generation System Capital Costs ~ Maximum of a) or b): MW is the system capacity. Collection system costs
a) 100.903xlogW) x 1 674,000 - Collec- ~ are as estimated above from the landfill WIP. Option
tion System Capital Costs; or (a) developed from levelized costs and an 8% real
b) 1,200,000 x MW discount rate over 20 years.

Electric Generation System O&M Costs $0.015 kWh
All estimates in 1996 dollars.
Sources: EPA, 1991a and 1991b.

Exhibit 11-6: Unit Costs for Direct Use Projects

Capital 0&M
System
Component Cost Component Cost
Collection Wells $80/ foot of depth Collection System Variable O&M $1,000/ acre?
Wellheads $750 / wellhead
Piping (main & branch) $35 / foot
Blowers $20/ft3/ min
Condensate Knockout $8,000 / unit
Monitoring System $1,000 / unit
Flare Flares $75,000 / unit Flare Fixed O&M $2,000/ yr
Compression  Compressor System Capital $1,350/ hp Compressor System Variable O&M  Calculated®
Gas System  Scrubber $15/ft3/ min Gas Treatment Variable O&M $2.50 / mill ft3 / yr
Dessicator $10/ft3/ min Gas Treatment Fixed O&M $10,000/ yr
Refrigeration $60/ ft3/ min
Filters $3,220 / unit
Gas Treatment Installation $15/ft3/ min
Pipeline Five-Mile Pipeline (12 inch di- ~ $35/ft Pipeline Variable O&M 2% of capital cost

ameter)
a This number is calibrated in the Energy Project Landfill Gas Utilization Software (E-PLUS) so that the annual collection O&M cost for each
landfill is consistent with the annual collection O&M cost for electricity projects, i.e., within five to ten percent.

b The fixed O&M used in this analysis is calculated using the following formula: compressor gty (hp) x 8,760 (hrsfyr) x 0.7457 (hp-hr to kWh)
x $0.04 (price of electricity) + $12,000/unit/yr.

Source: E-PLUS, EPA, 1997.

1.3 Energy Prices

EPA translates a range of carbon equivalent values into energy prices to analyze how placing a value on reducing
emissions affects the cost-effectiveness of emission reductions from electricity generation. The equivalent elec-
tricity prices ($/kilowatt-hour (kwh)) for each carbon equivalent value ($/ton of carbon equivalent (TCE)) are
shown in Exhibit II-7. EPA calculates the electricity price at which landfill owners sell electricity by adding the
equivalent electricity prices to the market price of $0.04/kWh. These prices are also shown in Exhibit II-7. EPA
then evaluates each electricity price plus the additional value of carbon equivalent ($/TCE) to develop the MAC.
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Exhibit II-7: Equivalent Electricity Prices for Carbon Equivalent Values
Carbon Equivalent Value ($/TCE)

$0 $10 $20 $30 $40 $50 $75  $100 $125 $150 $175  $200

$/kWh $0.00 $0.01 $0.02 $0.03 $0.04 $0.05 $0.08 $0.11 $0.14 $0.16 $0.19 $0.22

Base Prices $0.04 $0.05 $0.06 $0.07 $0.08 $0.09 $0.12 $0.15 $0.18 $0.20 $0.23 $0.26

EPA uses a similar approach to calculate gas prices. A carbon equivalent value in $/TCE is converted into
$/million British thermal units (MMBtu). The equivalent gas prices for each carbon equivalent value are shown
in Exhibit [I-8. EPA calculates the price at which landfill owners sell their gas by adding each equivalent gas
price to the market gas price of $2.74/MMBtu. EPA uses these gas prices plus the additional value of carbon
equivalent, shown in Exhibit 1I-8, to construct the MAC.

Exhibit 11-8: Equivalent Gas Prices for Carbon Equivalent Values
Carbon Equivalent Value ($/TCE)

$0 $10 $20 $30 $40 $50 $75  $100 $125 $150 $175  $200

$/MMBtu $0.00 $1.10 $220 $3.30 $4.40 $550 $8.25 $11.00 $13.75 $16.49 $19.24 $21.99

Base Prices  $2.74 $3.84 $494 $6.03 $7.13 $8.23 $10.98 $13.73 $16.48 $19.23 $21.98 $24.73

1.4 Break-Even Waste-in-Place

In order to determine if direct gas use projects are cost-effective, EPA conducts a benefit-cost analysis and esti-
mates the break-even WIP for 84 gas prices. Each WIP and gas price combination is presented in Exhibit 11-9. A

subset of these values is used to create the MAC presented in the Landfill Chapter (see Exhibit 2-11). These 84
gas prices reflect a range in energy values from 50 to 300 percent of base energy prices shown in Exhibit 11-8.

Exhibit II-9: Gas Price and Equivalent Break-Even WIP

Gas Price Break-Even WIP Gas Price Break-Even WIP Gas Price Break-Even WIP

($/MMBtu) (MT) ($/MMBtu) (MT) ($/MMBtu) (MT)
$1.37 10,733,415 $7.82 419,389 $16.47 183,036
$2.05 2,330,467 $8.21 394,982 $16.48 182,893
$2.47 985,447 $8.23 393,655 $17.17 175,391
$2.74 972,739 $8.50 380,051 $17.85 167,889
$3.15 953,057 $8.77 366,448 $17.86 167,746
$3.42 940,349 $8.92 358,983 $18.55 160,244
$3.57 933,376 $9.31 341,640 $19.20 153,030
$3.84 920,668 $9.60 330,039 $19.22 152,886
$4.10 907,960 $9.62 329,523 $19.23 152,742
$4.25 900,986 $9.87 319,468 $19.91 147,367
$4.52 837,428 $10.30 302,581 $20.60 143,216
$4.67 800,200 $10.41 298,865 $20.61 143,137
$4.94 749,467 $10.97 283,826 $21.30 138,986
$5.20 698,987 $10.98 283,477 $21.95 134,995
$5.35 675,817 $11.51 269,487 $21.97 134,915
$5.47 656,765 $11.67 265,202 $21.98 134,836
$5.62 633,595 $12.35 247,859 $22.66 130,685
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Exhibit II-9: (continued)

Gas Price Break-Even WIP Gas Price Break-Even WIP Gas Price Break-Even WIP

($/MMBtu) (MT) ($/MMBtu) (MT) ($/MMBtu) (MT)
$5.77 610,424 $12.36 247,615 $23.35 126,535
$6.03 576,422 $12.61 243,106 $23.36 126,456
$6.30 545,669 $13.05 234,879 $24.04 122,305
$6.45 530,436 $13.71 222,631 $24.70 118,313
$6.57 517,911 $13.72 222,387 $24.72 118,234
$6.72 502,678 $13.73 222,143 $24.73 118,155
$6.87 490,135 $14.42 209,407 $25.41 114,004
$7.13 468,324 $15.10 198,039 $26.10 109,854
$7.40 447,136 $15.11 197,896 $27.45 101,632
$7.55 437,304 $15.80 190,394 $27.46 101,553
$7.67 429,221 $16.46 183,180 $30.20 95,459

1.5 Marginal Abatement Curve

EPA evaluates the cost-effectiveness of LFGTE systems for the combinations of electricity and gas prices. The
amounts of abated methane for 2000, 2010, and 2020 are displayed in Exhibit [I-10 and Exhibit [I-11. Exhibit 1I-

10 shows the abated methane in million metric tons of carbon equivalent (MMTCE) and Exhibit 1I-11 shows the
abated methane as a percent of the baseline. In each exhibit, the abated methane is incremental to methane abated
as a result of the Landfill Rule. EPA estimates the percent abated methane as the emission reductions divided by
the baseline emissions for the individual years. The baseline emissions are the emissions that would occur after
the Landfill Rule emission reductions are taken into account. Each percent of abated methane represents cost-
effective emission reductions for the combination of gas and electricity prices plus the added value of carbon
equivalent. The market price, with no added value of carbon equivalent, is represented by $0/TCE.

An example of how percent abated methane is estimated at a combination of energy prices plus an additional car-
bon equivalent value is as follows. At $20/TCE in 2010, the emission reduction incremental to the Landfill Rule

is 20.2 MMTCE and the electricity and gas prices are $0.06/kWh ($0.04/kWh + $0.02/kWh) and $4.94/MMBtu
($2.74/MMBtu + $2.20/MMBtu), respectively. The percent of abated methane at this combination of energy
prices is 39%. This value is calculated as indicated in Exhibit 1I-12.

Exhibit 1I-10: Emission Reductions Incremental to the Landfill Rule by Year (MMTCE)
Carbon Equivalent Value ($/TCE)
$0 $10 $20 $30 $40 $50 $75  $100 $125 $150 $175  $200

2000 11.03 14.08 1821 1974 2013 2055 21.23 2141 2149 2156 2161 2166
2010 1055 1444 2023 2145 2175 2185 2190 2191 2191 2191 2191 2191
2020 762 1012 1388 1500 1546 1569 1584 1588 1588 1590 1590 1592

Exhibit 1I-11: Emission Reductions Incremental to Landfill Rule by Year (Percent of Baseline Emissions)
Carbon Equivalent Value ($/TCE)
$0 $10 $20 $30 $40 $50 $75  $100 $125 $150 $175  $200

2000 21% 27%  3%% 38%  39%  40% 41% @ 42% @ 42% @ 42% @ 42% @ 42%
2010 20% 28% 39% 41% @ 42% @ 42% @ 42% @ 42% @ 42% @ 42%  42%  42%
2020 19% 25% 34% 3% 38% 38% 39% 39% 39% 39% 39% 39%
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Exhibit 11-12: Percent Reduction — Example Calculation

Total Emissions from Landfills in 20102 52.0 MMTCE (see Exhibit 2-6 in Chapter 2)
Landfill Rule Reductions in 2010 31.8 MMTCE (see Exhihit 2-6 in Chapter 2)
Total reductions incremental to the Landfill Rule in 2010 at $20/TCE 20.2 MMTCE (See Exhibit 1I-10)

Percent reduction in 2010 at $20/TCE (20.2/52.0) MMTCE = 39 %

@ This value accounts for reductions associated with landfills that are impacted by the Landfill Rule.

The methane abatement potential for non-Rule landfills in 2020 is slightly less than in the previous years because
the Landfill Rule plays an increasingly large role in reducing emissions in the future. New landfills simulated to
open are estimated to be larger (on average) than existing landfills. These larger landfills are expected to trigger
under the Landfill Rule and, consequently, emissions decline in the future.

The collection efficiency for all landfill methane recovery projects, whether required by the Landfill Rule or not,

is 75 percent. However, the percent of abated methane, even at high carbon equivalent values, is lower than 75
percent (see Exhibit 1-11) due to EPAs methodology for estimating the percent of abated methane beyond regu-
lation requirements. As indicated in Exhibit 1I-11, even at high additional carbon equivalent values, further
abatement is not achieved as methane emissions cannot be collected with 100 percent efficiency. The example in
Exhibit 1I-13 illustrates this concept.

The analysis evaluates the percent of abated methane from non-impacted landfills against baseline emissions.
Baseline emissions represent a conglomerate of four sources: (1) methane from landfills not impacted by the
Landfill Rule; (2) residual methane not recovered from landfills that are impacted by the Landfill Rule, i.e., meth-
ane that is emitted due to 75 percent collection efficiency and not captured by the gas collection system; (3)
methane from industrial landfills; and (4) methane from small landfills. Consequently, the baseline emission
value includes emissions from landfills impacted by the Landfill Rule that cannot further reduce emissions.

Exhibit II-13; Calculating Percent Reductions - Hypothetical Example
»  Emissions from landfills not impacted by the Landfill Rule:

Base emissions =10.0 MMTCE

After installing LFGTE system = 25MMTCE

Emissions reduced = 7.5MMTCE
»  Emissions from landfills impacted by the Landfill Rule:

Prior to installing LFGTE system =20.0 MMTCE

Base emissions (after installing LFGTE system) = 50 MMTCE

» Base:

Emissions from landfills not impacted by the Landfill Rule plus resulting emissions from landfills impacted by Landfill Rule =
(10.0 +5.0=15.0) MMTCE
»  Percent emissions reduced due to implementing cost-effective LFGTE:

Emissions reduced from landfills notimpacted by rule divided by base = (7.5/15.0) MMTCE =50 %

1.6 Uncertainties

Exhibit 11-14 outlines the uncertainties with the methane estimation approach and Exhibit 11-15 describes the un-
certainties with the MAC.

' As the share of landfills impacted by the Rule increases over time, fewer emission reductions are achieved beyond
the Landfill Rule requirements, i.e., the percent reduction approaches zero.
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Exhibit II-14: Emission Estimate Uncertainties

Basis

Characterization of landfills and total
WIP

Future waste disposal

Gas equation used for estimating meth-
ane emissions

Recovery prior to 1997
Flare-only option
Industrial waste landfilled

Methane oxidation rate

A simulation characterizes the entire U.S. landfill population based on characterizations of a subset
of U.S. landfills, including size, waste acceptance rate, and opening year.

Future waste disposal is assumed to remain constant at the average rate from the beginning of
1990 to the beginning of 1995. This average is based on the assumption that waste generation
increases along with population, but will subsequently be offset by increases in alternative disposal
methods such as recycling and composting.

Emission factors are derived from data on 85 U.S. landfills and are applied based on landfill WIP.

Recovery rates (after flared methane is accounted for) are assumed to remain constant at 1990
levels for 1991 and at 1992 levels for 1993 to 1997. In addition, the gas collected but not utilized is
assumed to equal 25 percent of the methane recovery.

For years following 1997, the analysis lacks sufficient information about the population of landfills
that flare without recovering methane for energy use.

Industrial methane production is assumed to equal approximately seven percent of MSW landfill
methane production.

Ten percent of methane generated is assumed to oxidize in soil.

Exhibit 11-15: Cost Analysis Uncertainties

Basis

Cost estimate

Revenue

Potential for landfills to collect and use
gas cost-effectively

Methane recovery technologies

Equipment and engineering costs

Costs are estimated using aggregate cost factors and a relatively simple set of landfill character-
istics. Electricity costs are estimated using representative WIP. Direct use costs are estimated
using hypothetical landfills in terms of depth, area, and WIP.

The rate at which electricity is sold from a landfill project depends on local and regional electric
power market conditions and often varies by time of day and season of year. However, this
analysis uses a representative figure that remains constant.

The extent to which electricity production and direct gas use are cost-effective depends on the
energy price and availability of end-users.

This analysis only focuses on internal combustion (IC) generators and direct gas use because
they are the most cost-effective technologies for projects examined in this analysis. However,
other technologies are available, e.g., electricity generation using turbine generators.

Information is based on current projects and industry experts.

U.S. Environmental Protection Agency — September 1999 Appendix Il: Landfills -7



1.7 References

EPA. 1988. National Survey of Solid Waste (Municipal) Landfill Faciliti€fice of Solid Waste, U.S. Envi-
ronmental Protection Agency, Washington, DC, EPA 530-SW-88-011.

EPA. 1991a.Analysis of Profits and Cost from Regulating Municipal Solid Waste Landflisch 28, 1991.
Memorandum from Kathleen Hogan, Chief, Methane Programs to Alice Chow, Office of Air Quality Plan-
ning and Standards, U.S. Environmental Protection Agency, Washington, DC, EPA A-88-09/11-B-45.

EPA. 1991b.Air Emissions from Municipal Solid Waste Landfills - Background Information for Proposed Stan-
dards and GuidelinesEmissions Standards Division, Office of Air Quality Planning and Standards, U.S. En-
vironmental Protection Agency, Research Triangle Park, NC, EPA 450-3-90-011.

EPA. 1992.Landfill Gas Energy Utilization: Technology Options and Case Studiesand Energy Engineer-
ing Research Laboratory, U.S. Environmental Protection Agency, Research Triangle Park, NC, EPA 600-R-
92-116.

EPA. 1993. Anthropogenic Methane Emissions in the United States: Estimates for 1990, Report to Congress
Atmospheric Pollution Prevention Division, Office of Air and Radiation, U.S. Environmental Protection
Agency, Washington, DC, EPA 430-R-93-003. (Available on the Internet at http://www.epa.gov/ghginfo/ re-
ports.htm.)

EPA. 1997.Energy Project Landfill Gas Utilization Software (E-PLUS), Project Development HandBaook
mospheric Pollution Prevention Division, Office of Air and Radiation, U.S. Environmental Protection
Agency, Washington, DC, EPA 430-B-97-006. (Available on the Internet at http://www.epa.gov/imop/ prod-
ucts.htm.)

GAA. 1994. 1994-1995 Methane Recovery from Landfill YearboGlovernment Advisory Associates, Inc.,
New York, NY.

Glenn, Jim. 1998BioCycle Nationwide Survey: The State of Garbage in AmeBiceCycle, no.4.

-8  U.S. Methane Emissions 1990-2020: Inventories, Projections, and Opportunities for Reductions



Appendix IlI: Supporting Material for the
Analysis of Natural Gas
Systems

This appendix presents the detailed data that EPA used to develop methane emission forecasts and to
estimate emission reduction costs. Exhibits Illl-1 and IlI-2 describe the emission factors, activity factors,
and the activity factor drivers used to estimate annual changes in emissions and for forecasting future
emissions. Exhibits 1lI-3 and lll-4 describe the specific options available for reducing emissions from
gas systems. A summary of the costs of the specific options is summarized in Exhibits Il-5 and IlI-6.
Finally, Exhibit IlI-7 presents the data used to generate the marginal abatement curve for natural gas
systems. The exhibits are summarized below.

» Exhibit IlI-1: Activity Factors and Emission Factors. This exhibit summarizes the activity and
emission factors and the resulting emissions by source for 1992, which is the year covered by the
EPA/GRI 1996 report, and the year on which emission estimates for all other years are based
(EPAJ/GRI, 1996). For this analysis, the natural gas industry is divided into sectors: production, gas
processing, transmission, and distribution. Within each sector, emissions are categorized as fugitives
(leaks) and vented and combusted. Each line represents an emission source in the industry and
sector. The emissions, expressed in tons of methane, are the product of the activity factor and the
annualized emission factor, which is expressed in cubic feet of methane (standard cubic feet per day
(scfd); thousand standard cubic feet per year (Mscfy)).

» Exhibit 1lI-2: Driver Variables. The activity drivers and sources for the driver estimates are listed
in this exhibit. Activity drivers are used to estimate emissions based on changes in characteristics of
the natural gas industry. These characteristics include gas production, gas consumption, customers,
miles of pipeline, number of wells, distribution infrastructure and other variables. The sources of
data are primarily from publications produced by the Energy Information Administration, the
American Petroleum Institute, and the Independent Petroleum Association of America.

» Exhibit 1lI-3: Best Management Practices. This exhibit presents the Best Management Practices
(BMPs) that EPA used to develop the cost curves for reducing methane emissions from the natural
gas industry. The BMPs were identified by the Natural Gas STAR Program, a voluntary industry-
EPA partnership created to identify cost-effective technologies and practices to reduce methane
emissions.

» Exhibit 1ll-4: Partner-Reported Opportunities.  This exhibit presents the Partner-Reported
Opportunities (PROs) that EPA used to develop the cost curves for reducing methane emissions from
the natural gas industry. The PROs were identified by the Natural Gas STAR industry Partners as
part of their efforts to reduce methane emissions cost-effectively.

» Exhibit 1lI-5: Cost Analysis Data and Assumptions for Best Management Practices.This
exhibit describes the BMPs in terms of their applicability to the natural gas industry, potential
emission reductions once applied, capital and operation and maintenance costs, and break-even gas
price.

» Exhibit 11I-6: Cost Analysis Data and Assumptions for Partner-Reported Opportunities. This
exhibit describes the PROs in terms of their applicability to the natural gas industry, potential
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emission reductions once applied, capital and operation and maintenance costs, and break-even gas
price.

Exhibit 11I-7: Schedule of Emission Reduction Options for 2010. The 118 emission reduction
options used to generate the marginal abatement curve (MAC) for reducing methane emissions from
U.S. natural gas systems are provided in this exhibit. All options are described in terms of their
break-even gas price, base gas price type, value of carbon equivalent required in addition to the base
gas price to make the option cost-effective, and incremental emission reduction.

U.S. Methane Emissions 1990-2020: Inventories, Projections, and Opportunities for Reductions



Exhibit Il-1: Activity Factors and Emission Factors?

Activi . Emission . Emissions
Segment Fact(?r/ Units Factor Units (Tons of Methane)
PRODUCTION 1,476,877
Normal Fugitives
Gas Wells (Eastern on shore)
Appalachia (all non-associated) 123,585 P wells 7.11 scfd/well 6,157.85
N. Central
Associated Gas Wells 3,507b wells - scfd/well -
Non-Associated Gas Wells 4,977b wells 7.11 scfd/well 247.99
Field Sep. Equip. (Eastern on shore)
Heaters 260 heaters 14.21 scfd/heater 25.89
Separators
Appalachia 79,377 separators 0.90 scfd/sep 500.64
N. Central 12,293 separators 0.90 scfd/sep 7154
Gathering Compressors
Small Reciprocating Compressor
Appalachia 4,943 compressors 12.10 scfd/comp 419.18
N. Central
Associated Gas 2700 compressors 12.10 scfd/comp 22.93
Non-Associated Gas 3240 compressors 12.10 scfd/comp 27.48
Meters/Piping 11,693 meters 9.01 scfd/meter 738.30
Dehydrators 674 dehydrators 21.75 scfd/dehy 102.73
Gas Wells (Rest of U.S. on shore) 142,771° wells 36.40 scfd/well 36,419.53
Associated Gas Wells Rest of U.S. 256,226 wells - scfd/well -
Gulf of Mexico Off-Shore Platforms 1,3500 platforms 2,914.00 scfd/plat 27,568.77
Rest of U.S. (Off-Shore platforms) 220 platforms 1,178.00 scfd/plat 181.62
Field Separation Equipment - Rest of U.S.
On Shore
Heaters 50,740 heaters 57.70 scfd/heater 20,517.14
Separators 74,670 separators 122.00 scfd/sep 63,841.09
Gathering Compressors
Small Reciprocating Compressor 16,915b compressors 267.80 scfd/comp 31,745.18
Large Reciprocating Compressor 96 compressors 15,205.00 scfd/comp 10,229.44
Large Reciprocating Compressor 12 stations 8,247.00 scfd/station 693.54
Meters/Piping 177,438 meters 52.90 scfd/meter 65,780.56
Dehydrators 24,289 dehydrators 91.10 scfd/dehy 15,506.55
Pipeline Leaks 340,200 miles 53.20 scfd/mile 126,835.09
Vented and Combusted
Drilling and Well Completion
Completion Flaring 4000 compllyr 733.00 scflcomp 5.63
Normal Operations
Pneumatic Device Vents 249,111 controllers 345.00 scfd/device 602,291.32
Chemical Injection Pumps 16,971 active pumps 248.05 scfd/pump 29,501.85
Kimray Pumps 7,380,194 MMscflyr 992.00 scfiMMscf 140,566.12
Dehydrator Vents 8,200,215 MMscflyr 275.57 scfMMscf 43,386.88
Compressor Exhaust Vented
Gas Engines 27,460° MMHPhr 0.24 scf/HPhr 126,535.33
Routine Maintenance
Well Workovers
Gas Wells 9,392 w.0./yr 2,454.00 scfy/w.o. 442,52
Well Clean Ups (LP Gas Wells) 114,139 LP gas wells 49,570.00 scfy/LP well ~ 108,630.91
Blowdowns
Vessel BD 242,302 vessels 78.00 scfylvessel 362.87
Pipeline BD 340,200 miles (gath) 309.00 scfy/mile 2,018.34
Compressor BD 17,112 COompressors 3,774.00 scfy/comp 1,239.95
Compressor Starts 17,112 compressors 8,443.00 scfy/comp 2,773.96
Upsets
Pressure Relief Valves 529,440° PRV 34.00 scfy/PRV 345.62
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Exhibit 1ll-1: Activity Factors and Emission Factors? (continued)

Activi . Emission . Emissions
Segment Factotly Units Factor Units (Tons of Methane)
PRODUCTION (continued)
Vented and Combusted (continued)
ESD 1,372 platforms 256,888.00 scfy/plat 6,767.05
Mishaps 340,200 miles 669.00 scfy/mile 4,369.79
GAS PROCESSING PLANTS 697,555
Normal Fugitives
Plants 7260 plants 7,906.00 scfd/plant 40,224.08
Recip. Compressors 4,092 compressors 11,196.00 scfd/comp 321,066.39
Centrifugal Compressors 7260 compressors 21,230.00 scfd/comp 108,014.07
Vented and Combusted
Normal Operations
Compressor Exhaust
Gas Engines 27,4600 MMHPhr 0.24 scf/HPhr 126,535.45
Gas Turbines 32,910P MMHPhr 0.01 scf/HPhr 3,601.67
AGR Vents 371 AGR units 6,083.00 scfd/AGR 15,814.96
Kimray Pumps 957,930 MMscflyr 177.75 scf/MMscf 3,269.22
Dehydrator Vents 8,630,003° MMscflyr 121.55 scf/MMscf 20,140.36
Pneumatic Devices 726 gas plants 164,721.00 scfy/plant 2,296.07
Routine Maintenance
Blow downs/Venting 726 gas plants 4,060.00 Mscfy/plant 56,592.96
Fugitives
Pipeline Leaks 284,500P miles 1.54 scfd/mile 3,072.41
Compressor Stations (Trans.)
Station 1,700 stations 8,778.00 scfd/station 104,605.04
Recip Compressor 6,799 compressors 15,205.00 scfd/comp 724,478.87
Centrifugal Compressor 681 compressors 30,305.00 scfd/comp 144,629.14
Compressor Stations (Storage)
Station 386°P stations 21,507.00 scfd/station 58,178.33
Recip Compressor 1,135 compressors 21,116.00 scfd/comp 167,958.35
Centrifugal Compressor 111 compressors 30,573.00 scfd/comp 23,782.37
Wells (Storage) 17,999 wells 114.50 scfd/well 14,442.69
M&R (Trans. Co. Interconnect) 2,532 stations 3,984.00 scfd/station 70,694.51
M&R (Farm Taps + Direct Sales) 72,630 stations 31.20 scfd/station 15,880.59
Vented and Combusted
Normal Operation
Dehydrator Vents (Transmission) 1,086,001 MMscflyr 93.72 scf/MMscf 1,954.18
Dehydrator Vents (Storage) 2,000,001 MMscflyr 117.18 scf/MMscf 4,499.71
Compressor Exhaust
Engines (Transmission) 40,380° MMHPhr 0.24 scf/HPhr 186,071.04
Turbines (Transmission) 9,635° MMHPhr 0.01 scf/HPhr 1,054.45
Engines (Storage) 4,922b MMHPhr 0.24 scf/HPhr 22,680.58
Turbines (Storage) 1,729b MMHPhr 0.01 scf/HPhr 189.22
Generators (Engines) 1,976° MMHPhr 0.24 scf/HPhr 9,105.42
Generators (Turhines) 23°b MMHPhr 0.01 scf/HPhr 2.55
Pneumatic Devices Trans + Storage
Pneumatic Devices Trans 68,103 devices 162,197.00 scfy/device 212,084.78
Pneumatic Devices Storage 15,460 devices 162,197.00 scfy/device 48,145.26
Routine Maintenance/Upsets
Pipeline Venting 284,500 miles 31.65 Mscfy/mile 172,884.96
Station venting Trans + Storage
Station Venting Transmission 1,700 cmp stations 4,359.00 Mscfy/station ~ 142,315.12
Station Venting Storage 386 cmp stations 4,359.00 Mscfy/station  32,305.42
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Exhibit 1ll-1: Activity Factors and Emission Factors? (continued)

Activit . Emission . Emissions
Segment Factogl Units Factor Units (Tons of Methane)
TRANSMISSION 2,228,280
LNG Storage

LNG Stations 640 stations 21,507.00 scfd/station 9,646.15

LNG Reciprocating Compressors 246" compressors 21,116.00 scfd/comp 36,403.31

LNG Centrifugal Compressors 58b compressors 30,573.00 scfd/comp 12,426.82

LNG Compressor Exhaust
LNG Engines 741b MMHPhr 0.24 scf/HPhr 3,414.53
LNG Turbines 1620 MMHPhr 0.01 scf/HPhr 17.73

LNG Station Venting 64 cmp stations 4,359.00 Mscfy/station 5,356.34

DISTRIBUTION 1,495,565
Normal Fugitives

Pipeline Leaks
Mains - Cast Iron 55,288b miles 238.70 Mscf/mile-yr 253,387.12
Mains - Unprotected Steel 82,109b miles 110.19 Mscf/mile-yr 173,706.87
Mains - Protected Steel 444,768 miles 3.12 Mscf/mile-yr 26,623.73
Mains - Plastic 254,595 miles 19.30 Mscf/mile-yr 94,324.89

Total Pipeline Miles 836,760° .

Services - Unprotected Steel 5,446,393P services 1.70 Mscf/service 177,815.33
Services Protected Steel 20,352,983b services 0.18 Mscfiservice 69,000.53
Services — Plastic 17,681,238 services 0.01 Mscf/service 3,161.82
Services — Copper 233,246° services 0.25 Mscf/service 1,138.36

Total Services 43,713,860"

Meter/Regulator (City Gates)

M&R >300 psi 3,580 stations 179.80 scfh/station 108,277.61
M&R 100-300 psi 13,799 stations 95.60 scfh/station 221,882.88
M&R <100 psi 7,375 stations 431 scfh/station 5,346.34
Reg >300 psi 4,134 stations 161.90 scfh/station 112,573.59
R-Vault >300 psi 2,428 stations 1.30 scfh/station 530.82
Reg 100-300 psi 12,700 stations 40.50 scfh/station 86,512.45
R-Vault 100-300 psi 5,706 stations 0.18 scfh/station 172.75
Reg 40-100 psi 37,593 stations 1.04 scfh/station 6,575.79
R-Vault 40-100 psi 33,337 stations 0.09 scfh/station 485.01
Reg <40 psi 15,913 stations 0.13 scfh/station 355.96

Customer Meters
Residential 40,049,306 outdr meters 138.50 scfy/meter 106,499.11
Commercial/Industry 4,607,983P meters 47.90 scfy/meter 4,237.87

Vented

Routine Maintenance
Pressure Relief Valve Releases 836,760 mile main 0.05 Mscf/mile 803.29
Pipeline Blowdown 1,297,569° Miles 0.10 Mscfy/mile 2,541.16

Upsets
Mishaps (Dig-ins) 1,297,569 miles 1.59 mscfy/mile 39,612.18

TOTAL 5,898,278

a Data are for base year 1992, the year covered by the EPA/GRI 1996 report, and the year from which emission estimates for all other years
are based.

b Main driver for the emission inventory.

Source: EPA/GRI, 1996.
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Exhibit [lI-2: Driver Variables

Variable Units Source

Dry Gas Production: National Total Tcf/yr EIA (www.eia.doe.gov), Natural Gas Monthly, Table of Supply
and Disposition of Dry Natural Gas in the United States, 1992-
1997

Dry Gas Production: National Total minus Alaska Tcf/yr Calculated, based on an estimate of gas production in Alaska

Gas Production: Alaska Tcf/yr Estimate, based on EIA data (www.eia.doe.gov), Natural Gas
Monthly, Table of Marketed Production of Natural Gas By State

Gas Consumption: National Total Tcf/yr EIA (www.eia.doe.gov), Natural Gas Monthly, Table of Natural
Gas Consumption in the United States, 1992-1997

Gas Consumption: Residential Tcf/yr EIA (www.eia.doe.gov), Natural Gas Monthly, Table of Natural
Gas Consumption in the United States, 1992-199

Gas Consumption: Commercial Tcf/yr EIA (www.eia.doe.gov), Natural Gas Monthly, Table of Natural
Gas Consumption in the United States, 1992-1997

Gas Consumption: Industrial Tcf /yr EIA (www.eia.doe.gov), Natural Gas Monthly, Table of Natural
Gas Consumption in the United States, 1992-1997

Gas Consumption: Electrical Generators Tcf/yr Estimate, based on EIA data (www.eia.doe.gov), Natural Gas
Monthly, Table of Natural Gas Deliveries to Electric Utility
Consumers

Gas Consumption: Lease and Plant Fuel Tcf/yr EIA (www.eia.doe.gov), Natural Gas Monthly, Table of Natural
Gas Consumption in the United States, 1992-1997

Gas Consumption: Pipeline Fuel Tcf/yr EIA (www.eia.doe.gov), Natural Gas Monthly, Table of Natural
Gas Consumption in the United States, 1992-1997

Gas Consumption: Transportation Tcf /yr NGA 1993 (1990-1992) & NGA97 (1993-two years before
current year), Table 1 — Summary Statistics

Transmission Pipelines Length Miles American Gas Association, Gas Facts

Appalachia Wells Wells IPAA, The Oil and Gas Producing Industry in Your State

North Central Associated Wells Wells Calculated as 8.6% of oil wells reported in IPAA, The Qil and
Gas Producing Industry in Your State

North Central Non-Associated Wells Wells IPAA, The Oil and Gas Producing Industry in Your State

Rest of U.S. Wells Wells IPAA, The Oil and Gas Producing Industry in Your State

Rest of U.S. Associated Wells Wells Calculated as 46.1% of oil wells reported in IPAA, The Qil and
Gas Producing Industry in Your State

Appalachia, North Central (Non-Associated), and Wells Calculated using data for two years prior to 1997

Rest of U.S.

Gulf of Mexico Off-Shore Platforms Platforms  Minerals Management Service

Rest of U.S. Off-Shore Platforms Platforms ~ May include platforms off the shore of Alaska, Minerals
Management Service

North Central (Non-associated) and rest of U.S.  Wells Calculated using data for two years prior to 1997

Number of Gas Plants Plants Oil and Gas Journal

Distribution Mains — Cast Iron Mains American Gas Association, Gas Facts

Distribution Mains — Unprotected Steel Miles American Gas Association, Gas Facts

Distribution Mains — Protected Steel Miles American Gas Association, Gas Facts

Distribution Mains — Plastic Miles American Gas Association, Gas Facts

Services — Unprotected Steel Services  American Gas Association, Gas Facts

Services — Protected Steel Services  American Gas Association, Gas Facts

Services - Plastic Services  American Gas Association, Gas Facts

Services - Copper Services  American Gas Association, Gas Facts
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Exhibit I1-3: Best Management Practices

Best Management Practice

Description

Replace or repair high bleed
pneumatics devices with low bleed
devices

Practice directed inspection and
maintenance of compressor stations

Reduce glycol recirculation rates on
glycol dehydrators

Install flash tanks on glycol
dehydrators

Install fuel gas retrofit systems on

compressors to capture otherwise
vented fuel when compressors are
taken off-line

Install static-seal compressor rod
packing on reciprocating compressors

Install dry seal systems on centrifugal
COMpressors

Practice early replacement of rings and

rods on centrifugal compressors

Practice directed inspection and
maintenance of gate stations and
surface facilities

High bleed rate pneumatic devices that employ gas to operate the actuators are
ubiquitous in the industry and are a major source of emissions. Replacing them with
low bleed devices where possible reduces emissions considerably.

Compressor stations have a vast number of pipes, valves, and other equipment that
leaks. As with gate stations, a very few leaks account for the total volume of
emissions. The same strategy applied to compressor stations will reduce the vast
majority of emissions at a low cost.

Glycol dehydrators remove water from gas at the wellhead. The glycol also absorbs
methane, which is vented to the atmosphere when the glycol is regenerated, at a rate
directly proportional to the glycol circulation rate. Glycol is often over-circulated.
Proper circulation rates can achieve pipeline water content requirements and reduce
methane emissions.

Glycol dehydrators remove water from gas at the wellhead. The glycol also absorbs
methane, which is vented to the atmosphere when the glycol is regenerated. Flash
tanks capture 90 percent of the methane before it reaches the reboiler.

When compressors are not running and are taken “offline,” they are often purged of
the gas in the compression chambers and isolated from the high-pressure pipeline
with much leakage occurring at the isolation valves. Keeping the isolated compressor
pressurized and bleeding off the gas into a fuel gas system reduces losses to the
atmosphere.

Compressor rod packing keeps gas from the compressor from escaping along the
shaft into the compressor housing. Packing leaks are greater while compressors are
off-line and remain pressurized. Static-packs clamp down on the compressor rod
when compressors are idle to reduce leakage.

Centrifugal compressors have elaborate sealing systems to keep high-pressure gas in
the compressor from escaping. Wet seal systems use high-pressure oil as the seal.
The oil absorbs gas and which is vented when the sealing oil is circulated. Dry seal
systems use high pressure air to establish a seal and avoid these losses.

By using company-specific financial objectives and monitoring data, natural gas
transmission companies can determine emission levels at which it is cost effective to
replace rings and rods.

Gate Stations are where high transmission pipeline pressures are dropped down to
distribution system pressures; other surface facilities also regulate pipeline pressures.
Emissions occur at the equipment, joints, valves at these facilities. A few stations and
equipment types account for most of the emissions. Directed inspection and
maintenance uses leak rate data and economic criteria to focus repairs on the
costliest leaks.

U.S. Environmental Protection Agency - September 1999
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Exhibit Ill-4: Partner-Reported Opportunities

Partner-Reported Opportunities

Description

Practice directed inspection and maintenance of
production sites, processing sites, transmission
pipelines and liquid natural gas stations

Practice enhanced directed inspection and
maintenance at production sites, surface facilities,
storage wells, off-shore platforms and compressor
stations

Install electric starters on compressors

Install plunger lifts at production wells

Use capture vessels for blowdowns at processing
plants and other facilities

Install instrument air systems

Use portable evacuation compressors for pipeline
repairs

Install catalytic converter on compressor engines

Use electronic metering

Replace cast iron distribution mains with protected
steel or plastic pipe

Replace cast iron distribution services with
protected steel or plastic pipe

Emissions occur at the equipment, joints, valves at these facilities.
Directed inspection and maintenance uses leak rate data and economic
criteria to focus repairs on the costliest leaks.

Enhanced DI&M is a more aggressive DI&M program that involves
increased frequency of survey and repair. Enhanced DI&M costs more
but also achieves greater savings by further reducing gas leaks.

Compressor engines are often started using a blast of high-pressure
natural gas. Electric starters can replace these gas starters and avoid
methane emissions.

As gas fields mature, fluids can accumulate in the wellbore and the weight
of these fluids can impede gas production. Accumulated fluids can be
removed by swabbing, soaping, or “blowing down” the well, but these
operations often emit large volumes of methane to the atmosphere. A
plunger lift allows fluids to be removed without emitting methane. The
plunger acts as a bottom-hole plug, and the pressure of the reservoir
builds and slowly lifts the plunger to the surface. As the plunger is lifted,
the reservoir fluid above it is also lifted. Plunger lifts prolong well life,
increase productivity and reduce methane emissions.

A capture vessel can be used during blowdowns to avoid venting
methane to the atmosphere. The captured natural gas can be re-routed
to pipelines or used on-site as fuel.

Methane leaks from pneumatic devices can be avoided by installing
instrument air systems which open and close valves using electricity
instead of pressure from gas systems.

A portable compressor can be used to evacuate the gas in an area of
blocked-off pipeline that is about to be repaired. This gas can be re-
routed to the pipeline.

A catalytic converter is an afterburner that reduces pollution from
incomplete fuel combustion. Methane is combusted, and the energy from
combustion is unused, so benefits are restricted to the value placed on
reducing methane emissions.

Replacing old pneumatic-based meter runs at gate stations with electronic
meters will reduce methane emissions.

Cast iron and unprotected steel pipeline is replaced with materials less
prone to corrosion and leaks.

Cast iron services are replaced with materials less prone to corrosion and
leaks.
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Exhibit 1l-5: Cost Analysis Data and Assumptions for Best Management Practices

Best Management Practice

Applicability and Emission Reductions

Costs

Break-Even Gas Price ($/MMBtu)

Replace high-bleed
pneumatics with low-bleed
pneumatics

Practice directed inspection
and maintenance at
compressor stations

Use static-seal compressor rod
packing

Reduce glycol recirculation
rates on dehydrators

Install flash tank separators on
glycol dehydrators

Use fuel gas retrofits

Applicability: 50%-90% of pneumatic systems in the production
and transmission sector

Emission Reduction: 50%-90%; for all sectors, applicability and
emission reductions are higher for high-bleed devices

For the production sector, 6 cases were examined (low-med.-high
bleed; intermittent & continuous)

For the transmission sector, 9 cases were examined (low-med.-
high bleed; continuous, turbine & displacement)

Applicability: 100% of compressor stations in the transmission
sector

Emission Reduction: 12%

Applicability: 100% of reciprocating compressors in the
transmission sector

Emission Reduction: 6.0% of emissions from storage compressor
stations, 8.7% of emissions from transmission compressor stations
Applicability: 100% of dehydrators in production, processing and
transmission sector

Emission Reduction: 30-60% of emissions from production and
processing, 30% of emissions from transmission

For the production and processing sectors, 4 cases were examined
(with/ & without flash tanks; with & without pumps)

Applicability: 100% of glycol dehydrators without flash tanks in the
production, processing and transmission sectors

Emission Reduction: For the production and processing sectors,
12%-63% of emissions from dehydrator vents and 63% of
emissions from Kimray pumps; for the transmission sector, 90% of
emissions from dehydrators with gas-assisted pumps, 30% of
emissions from dehydrators without gas-assisted pumps
Applicability: 100% of reciprocating compressors in the
transmission sector

Emission Reduction: 36% of emissions from reciprocating
compressors in the transmission sector, 21.3% of emissions from
reciprocating compressors in gas processing plants

Capital: $750/device ($1,500 per
device x 0.5 to reflect early
replacement)

Annual O&M: $150

Capital: $5,000/station instrument
spread across 10 facilities yielding
$500/facility

Annual O&M: $2,065/station
Capital: $3,000/compressor
Annual O&M: none

Capital: $0
Annual O&M: $50/dehydrator

Capital: $8,000/dehydrator
Annual O&M: None

Capital: $1,250/compressor
Annual O&M: None

$0.49-$18.00 for the production sector; break-even
gas prices are lower for high-bleed devices

$0.20-$318 for the transmission sector; break-even
gas prices are lower for high-bleed devices

$0.55 for storage compressor stations
$0.61 for transmission compressor stations

$1.81 for storage compressor stations
$1.74 for transmission compressor stations

$0.45 for dehydrators without flash tanks in the
processing sector

$50.64-$101 for dehydrators with flash tanks in the
processing sector

$0.16 for dehydrators without flash tanks in
transmission sector

$0.68 for dehydrators with flash tanks in transmission
sector

$9.49 for dehydrators with gas assisted pumps and
$232 for dehydrators without gas assisted pumps on
dehydrator vents in the production and processing
sectors

$3.42 for transmission sector

$0.12 for storage compressor stations
$0.17 for transmission compressor stations
$0.40 for processing compressor stations
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Exhibit I1-5: Cost Analysis Data and Assumptions for Best Management Practices (continued)

Best Management Practice

Applicability and Emission Reductions

Costs

Break-Even Gas Price ($/MMBtu)

Change wet seals to dry
seals on centrifugal
compressors

Practice early replacement of
rings and rods on
reciprocating compressors

Practice directed inspection
and maintenance at gate
stations and surface facilities

Applicability: 100% of all centrifugal comp. in the processing and

transmission sectors

Emission Reduction: 77.2% of emissions from storage comp.,
70.9% of emissions from trans. comp. stations, 65.9% of emissions

from processing comp.

Applicability: 100% of reciprocating compressors in the

transmission sector

Emission Reduction: 1.4% of emissions from storage compressor
stations, 1.5% of emissions from trans. compressor stations

Applicability: For transmission sector, 100% of transmission co.
interconnect meter and regulator stations; for distribution sector,
100% of high pressure stations, 50% of medium pressure

stations, and 0% of low pressure stations

Emission Reduction: For transmission sector, 33% of emissions;
for distribution sector, 33% of emissions from high pressure, 25%

of emissions from medium pressure stations

Capital: $240,000/compressor

Annual O&M: savings in material
and labor relative to wet seals of
$63,000/compressor

Capital: $100/compressor
Annual O&M: $120

Capital: $5,000/survey instrument
spread across 20 facilities yielding
$250/station

Annual O&M: $295/station

$1.91 for storage compressor stations
$2.10 for transmission compressor stations
$3.22 for processing compressor stations

$2.09 for storage compressor stations
$2.66 for transmission compressor stations

For transmission sector:

$0.75 for transmission co. interconnect
$320 for farm taps and direct sales
For distribution sector:

$0.69 for M&R >300 psi

$1.74 for M&R 100-300 psi

$96.58 for M&R <100 psi
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Exhibit I1-6: Cost Analysis Data and Assumptions for Partner-Reported Opportunities

Partner Reported
Opportunity

Applicability and Emission Reductions

Costs

Break-Even Gas Price ($/MMBtu)

Practice directed inspection
and maintenance at
production sites

Use enhanced directed
inspection and maintenance
at production sites

Use electric starter

Use plunger lift well

Use surge vessel to capture
blowdowns

Use portable evacuation
compressors

Install instrument air
systems

Practice directed inspection
and maintenance at
processing sites

Applicability: 100% of non-associated gas wells, 100% of off-shore
platforms, and 100% of pipeline leaks in the production sector

Emission Reduction: 33% of emissions from non-associated gas
wells, 33% of emissions from off-shore platforms, and 60% of
emissions from pipeline leaks

Applicability: 100% of non-associated gas wells in the production
sector

Emission Reduction: 50%
Applicability: 100% of compressor starts in the production sector
Emission Reduction: 75%

Applicability: 20% of Appalachia (all non-associated) and 20% of
rest of U.S. on-shore wells in the production sector

Emission Reduction: 20%

Applicability: 100% of pipeline venting during routine maintenance
and upsets in production, processing and transmission sector

Emission Reduction: 50%

Applicability: 90% of pipeline venting during routine maintenance
and upsets in production and transmission sector

Emission Reduction: 80%

Applicability: 50%-90% of pneumatic systems in the production
and transmission sector

Emission Reduction: 100%

For pneumatic device vents in the production sector, 6 cases were
examined (low-med.-high bleed; intermittent & continuous)

For the transmission sector, 9 cases were examined (low-med.-
high bleed; continuous, turbine & displacement); applicability is
higher for high-bleed devices

Applicability: 100% of processing plants
Emission Reduction: 33%

Capital: $200/well, $6,000/off-shore
platform, $100/mile of pipeline

Annual O&M: $300/well, $2,000/off-
shore platform, $150/mile of pipeline

Capital: $500
Annual O&M: $700

Capital: $20,000/compressor
Annual O&M: $5,000/compressor
Capital: $2,500/well

Annual O&M: $100/well

Capital: $100,000/vessel-compressor-
station (unit depends on sector)

Annual O&M: $2,000/unit

Capital: $1,400/mile
Annual O&M: $10/mile

Capital: $4,200

Annual O&M: various ($750 for
pneumatic device vents in the
production sector)

Capital: $1,000/plant
Annual O&M: $2,000/plant

$415 for eastern on-shore non-associated gas
wells

$81.14 for rest of U.S. gas wells

$10.46 for Gulf of Mexico off-shore platforms
$25.88 for rest of U.S. off-shore platforms
$15.27 for pipeline leaks

$15.10 for chemical injection pumps

$647 for eastern on-shore non-associated gas
wells

$126 for rest of U.S. gas wells
$1,536

$1,330 for Appalachia wells
$260 for rest of U.S. on-shore wells

>$100,000 for vessel blowdowns in the production
sector

$13,576 for compressor blowdowns in the
production sector

$11.42 for processing
$10.63 for transmission
$1,239 for production sector

$12.10 for transmission sector

$4.66-$52.56 for pneumatic device vents in the
production sector; break-even gas prices are
lower for high-bleed devices

$3.28-$893 for the transmission sector; break-
even gas prices are lower for high-bleed devices

$2.39

U.S. Environmental Protection Agency — September 1999
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Exhibit 1l-6: Cost Analysis Data and Assumptions for Partner-Reported Opportunities (continued)

PRO Applicability and Emission Reductions Costs Break-Even Gas Price ($/MMBtu)
Use catalytic converterson  Applicability: 75% of engines and turbines in the transmission Capital: $3,386/MM HP-Hr $4.74-$29.53 for compressor exhaust (production)
engine exhaust sector (including LNG storage) ($20,000/engine) $5.35 for engines (transmission)
Emission Reduction: 75% Annual O&M: $168/MM HP-Hr $94.63 for turhines (transmission)
($1,000/engine)

Practice directed inspection
and maintenance at LNG
stations

Practice directed inspection
and maintenance of trans.
pipelines

Use enhanced directed
inspection and maintenance
at compressor stations

Practice directed inspection
and maintenance at storage
wells

Practice enhanced directed
inspection and maintenance
at storage wells

Practice enhanced directed
inspection and maintenance
at gate stations and surface
facilities

Use electronic metering

Applicability: 100% of LNG stations in transmission sector
Emission Reduction: 60%

Applicability: 100% of pipeline leaks in the transmission sector
Emission Reduction: 60%

Applicability: 100% of compressor stations in the transmission
sector

Emission Reduction: 26.5% of emissions from storage
compressors, 18.9% of emissions from trans. compressor stations

Applicability: 100% of storage wells in the transmission sector
Emission Reduction: 33%

Applicability: 100% of storage wells in the transmission sector
Emission Reduction: 50%

Applicability: 100% of gate stations and surface facilities in the
distribution sector

Emission Reduction: 30%-80% of emissions; higher pressure
stations have greater emission reductions

Applicability: 100% of trans. co. interconnect M&R stations in the
transmission sector; 100% of meter and regulator stations at city
gates in distribution sector

Emission Reduction: 95%

Capital: $500/station
Annual O&M: $2,065/station

Capital: $100
Annual O&M: $150

Capital: $1,000/station
Annual O&M: $6,000/station

Capital: $200/well
Annual O&M: $200/well

Capital: $300/well
Annual O&M: $400/well

Capital: $1,000/station
Annual O&M: $1,000/station

Capital: $15,000/station
Annual O&M: $2,500/station

$7.33 for engines (storage)
$85.95 for turbines (storage)
$10.56 for engines (LNG storage)
$479 for turbines (LNG storage)
$1.87

$527

$0.69 for storage compressor stations
$1.11 for transmission compressor stations

$18.54

$23.14

$1.01 for M&R >300 psi
$2.35 for M&R 100-300 psi
$113 for M&R <100 psi

$4.84 for the transmission sector

For the distribution sector:
$4.46 for M&R >300 psi
$8.40 for M&R 100-300 psi
$186 for M&R <100 psi
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Exhibit 1l-6: Cost Analysis Data and Assumptions for Partner-Reported Opportunities (continued)

PRO Applicability and Emission Reductions Costs Break-Even Gas Price ($/MMBtu)

Replace pipeline Applicability: 100% of cast iron and unprotected steel mains in Capital: $1,000,000/mile $1,229 for cast iron pipeline
distribution sector Annual O&M: $50/mile $2,662 for unprotected steel pipeline
Emission Reduction: 95%

Replace services Applicability: 100% of unprotected steel services in distribution Capital: $250,000/service $43,155 for unprotected steel services
sector Annual O&M: $50/service

Emission Reduction: 95%
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Exhibit I1-7: Schedule of Emission Reduction Options for 2010

Break-Even Carbon Incre_me_ntal
. ) Base Gas . Emission
Number Option Gas Price . . Equivalent .
(©MMBty) 1O TYPE' yae gcE)  Reduction
(MMTCElyr)
1 Practice directed inspection and maintenance at gate stations and $0.69 Citygate ($23.42) 0.23
surface facilities (Meter/Regulator stations > 300 psi)
2 Practice directed inspection and maintenance at gate stations and $0.77 Citygate ($22.72) <0.01
surface facilities (Reg. > 300 psi)
3 Practice enhanced directed inspection and maintenance at gate $1.01 Citygate ($20.51) 0.56
stations and surface facilities (Meter/Regulator stations > 300 psi)
4 Install fuel gas retrofit systems on compressors to capture otherwise $0.12 Pipeline ($19.60) 0.42
vented fuel when compressors are taken off-line (storage
compressor stations)
5 Practice enhanced directed inspection and maintenance at gate $1.13 Citygate ($19.49) 0.33
stations and surface facilities (Reg. > 300 psi)
6 Reduce glycol circulation rates in dehydrators (not applicable to $0.16 Pipeline ($19.18) 0.01
Kimray pumps — this option applies to transmission sector
dehydrators without flash tanks)
7 Install fuel gas retrofit systems on compressors to capture otherwise $0.17 Pipeline ($19.06) 1.63
vented fuel when compressors are taken off-line (transmission
compressor stations)
8 Replace high-bleed pneumatic devices with low-bleed pneumatic $0.20 Pipeline ($18.83) 0.59
devices (applies to transmission sector, high-bleed, continuous-
bleed pneumatic devices)
9 Replace high-bleed pneumatic devices with low-bleed pneumatic $0.50 Pipeline ($16.10) 0.39
devices (applies to transmission sector, medium-bleed, continuous-
bleed pneumatic devices)
10 Install fuel gas retrofit systems on compressors to capture otherwise $0.40  Wellhead ($16.09) 0.43
vented fuel when compressors are taken off-line (processing
compressor stations)
11 Practice directed inspection and maintenance at storage $0.55 Pipeline ($15.69) <0.01
compressor stations
12 Reduce glycol circulation rates in dehydrators (not applicable to $0.45  Wellhead ($15.67) 0.28
Kimray pumps — this option applies to production sector dehydrators
without flash tanks, with gas assisted pumps)
13 Replace high-bleed pneumatic devices with low-bleed pneumatic $0.49  Wellhead ($15.24) 0.98
devices (applies to production sector, high-bleed, continuous-bleed
devices)
14 Practice directed inspection and maintenance at transmission $0.61 Pipeline ($15.05) <0.01
compressor stations
15  Reduce glycol circulation rates in dehydrators (not applicable to $0.68 Pipeline ($14.45) 0.73
Kimray pumps — this option applies to transmission sector
dehydrators with flash tanks)
16 Enhanced Directed Inspection and Maintenance at storage $0.69 Pipeline ($14.40) 0.05
compressor stations
17 Practice directed inspection and maintenance at gate stations and $1.74 Citygate ($13.90) 0.35
surface facilities (Meter/Regulator stations 100-300 psi)
18  Practice directed inspection and maintenance at gate stations and $0.75 Pipeline ($13.80) 0.14
surface facilities (trans. co. interconnect)
19  Practice enhanced directed inspection and maintenance at gate $1.10 Pipeline ($10.65) 0.20
stations and surface facilities (trans. co. interconnect)
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Exhibit I1-7: Schedule of Emission Reduction Options for 2010 (continued)

Break-Even Carbon Incrgme_:ntal
. : Base Gas ) Emission
Number Option Gas Price Price Tvpes Equivalent Reducti
($MMBtu) 1O TYPET e ey Reduction
(MMTCElyr)
20  Replace high-bleed pneumatic devices with low-bleed pneumatic $1.00  Wellhead ($10.64) 0.90
devices (applies to production sector, high-bleed, intermittent-bleed
devices)
21 Practice enhanced directed inspection and maintenance at $1.11  Wellhead ($10.57) 0.04
transmission compressor stations
22 Reduce glycol circulation rates in dehydrators (not applicable to $1.04  Wellhead ($10.28) 0.02
Kimray pumps — this option applies to production sector dehydrators
without flash tanks)
23 Replace high-bleed pneumatic devices with low-bleed pneumatic $1.23  Wellhead ($8.51) 0.65
devices (applies to production sector, medium-bleed, continuous-
bleed devices)
24 Practice enhanced directed inspection and maintenance at gate $2.35 Citygate ($8.38) 0.56
stations and surface facilities (Meter/Regulator stations 100-300 psi)
25  Replace high-bleed pneumatic devices with low-bleed pneumatic $1.47 Pipeline ($7.26) 0.04
devices (applies to transmission sector, high-bleed, turbine devices)
26 Use reciprocating compressor rod packing (Static-Pac, applies to $1.74 Pipeline ($4.85) 0.39
transmission sector)
27 Use reciprocating compressor rod packing systems (Static-Pac, $1.81 Pipeline ($4.16) 0.06
applies to storage)
28  Practice directed inspection and maintenance at LNG stations $1.87 Pipeline ($3.62) 0.01
29 Install dry seals on centrifugal compressors (storage sector) $1.91 Pipeline ($3.27) 0.12
30 Use reciprocating compressor rod packing systems (early $2.09 Pipeline ($1.61) 0.01
replacement of rings and rods on storage sector reciprocating
compressors)
31 Install dry seals on reciprocating compressors (transmission sector) $2.10 Pipeline ($1.55) 0.64
32 Practice directed inspection and maintenance at production and $2.39 Pipeline ($0.34) <0.01
processing sites
33 Replace higher-bleed pneumatic devices with lower-bleed $250  Wellhead $3.00 0.68
pneumatic devices (applies to production sector, medium-bleed,
intermittent-bleed devices)
34 Use reciprocating compressor rod packing systems (early $2.66 Pipeline $3.51 0.07
replacement of rings and rods on transmission sector reciprocating
COMpressors)
35  Practice directed inspection and maintenance at gate stations and $4.11 Citygate $7.65 0.14
surface facilities (Reg. 100-300 psi)
36 Install instrument air systems (in place of transmission sector, high- $3.28  Wellhead $9.57 0.23
bleed, continuos bleed pneumatic devices)
37  Install dry seals on reciprocating compressors (processing sector) $3.22 Pipeline $9.16 0.45
38 Install flash tank separators on transmission sector glycol $3.42 Pipeline $10.47 0.02
dehydrators
39 Use electronic metering (Meter/Regulator stations > 300 psi) $4.46 Citygate $10.86 0.10
40  Replace high-bleed pneumatic devices with low-bleed pneumatic $3.60 Pipeline $12.07 0.02

devices (applies to transmission sector, low-bleed, continuous-
bleed devices)
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Exhibit I1-7: Schedule of Emission Reduction Options for 2010 (continued)

Break-Even Carbon Incrgme_zntal
. : Base Gas ) Emission
Number Option Gas Price Price Tvpes Equivalent Reducti
($MMBtu) 1O TYPET e ey Reduction
(MMTCElyr)
41 Replace high-bleed pneumatic devices with low-bleed pneumatic $3.68 Pipeline $12.80 0.02
devices (applies to transmission sector, medium-bleed, turbine
devices)
42 Practice enhanced directed inspection and maintenance at gate $5.54 Citygate $20.69 0.22
stations and surface facilities (Reg. 100-300 psi)
43 Use catalytic converter (applies to compressor exhaust during $4.74 NA $20.99 <0.01
normal operations in the production and processing sectors)
44 Install instrument air systems (in place of production sector, high- $4.66  Wellhead $22.63 0.35
bleed, continuous-bleed pneumatic devices)
45 Install instrument air systems (in place of transmission sector, $4.79 Pipeline $22.90 0.14
medium-bleed, continuous-hleed pneumatic devices)
46 Use electronic monitoring (trans. co. interconnect) $4.84 Pipeline $23.33 0.06
47 Use catalytic converter (applies to compressor exhaust during $5.35 NA $26.59 <0.01
normal operations in the transmission sector)
48  Use catalytic converter (applies to storage engine compressor $7.33 NA $44.58 0.51
exhaust during normal operation of transmission sector)
49  Install instrument air systems (in place of production sector, high- $7.21  Wellhead $45.82 0.32
bleed, intermittent-bleed devices)
50  Use electronic monitoring (Meter/Regulator stations 100-300 psi) $8.40  Citygate $46.62 0.42
51  Use catalytic converter (applies to fugitive emissions from $8.27 NA $53.13 0.77
compressor exhaust in the production and processing sectors)
52 Install instrument air systems (in place of production sector, $8.39  Wellhead $56.58 0.24
medium-bleed, continuous-hleed pneumatic devices)
53  Replace high-bleed pneumatic devices with low-bleed pneumatic $8.89  Wellhead $61.09 0.02
devices (applies to production sector, low-bleed, continuous-bleed
devices)
54 Install flash tank separators on production-sector dehydrators with $9.49  Wellhead $66.58 <0.01
gas-assisted pumps
55 Install instrument air systems (in place of production sector, high- $9.68 Pipeline $67.43 <0.01
bleed, turbine devices)
56  Practice directed inspection and maintenance on Gulf of Mexico off- $10.46  Wellhead $73.04 <0.01
shore platforms
57  Use catalytic converter (applies to LNG compressor exhaust) $10.56 NA $73.90 <0.01
58  Use portable evacuation compressors (applies to transmission $10.63 Pipeline $74.61 <0.01
sector station venting)
59  Use surge vessels (applies to storage sector station venting) $10.63 Pipeline $74.61 <0.01
60  Use surge vessels (applies to LNG station venting) $10.63 Pipeline $74.61 <0.01
61  Use surge vessels (applies to blowdowns/venting in the production $11.42 Pipeline $81.73 1.14
sector)
62  Use surge vessels (applies to pipeline venting during routine $12.10 Pipeline $87.98 0.18
maintenance in the transmission sector)
63 Install instrument air systems (in place of transmission sector, low- $12.34 Pipeline $92.60 0.78
bleed, continuous-bleed devices)
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Exhibit I1-7: Schedule of Emission Reduction Options for 2010 (continued)

Break-Even Carbon Incrgme_:ntal
. : Base Gas ) Emission
Number Option Gas Price Price Tvpes Equivalent Reducti
($MMBtu) 1O TYPET e ey Reduction
(MMTCElyr)
64 Install instrument air systems (in place of production sector, $14.77  Wellhead $115 0.22
medium-bleed, intermittent-bleed devices)
65  Practice directed inspection and maintenance (applies to chemical $15.10  Wellhead $115 <0.01
injection pumps)
66  Practice directed inspection and maintenance (applies to pipeline $15.27  Wellhead $117 <0.01
leaks)
67  Replace high-bleed pneumatic devices with low-bleed pneumatic $17.67 Pipeline $140 0.56
devices (applies to transmission sector, high-bleed, displacement
devices)
68  Replace high-bleed pneumatic devices with low-bleed pneumatic $18.00  Wellhead $144 0.01
devices (applies to production sector, low-bleed, intermittent-bleed
devices)
69  Practice directed inspection and maintenance at storage wells $18.54 Pipeline $147 <0.01
70 Install instrument air systems (in place of transmission sector, $20.81 Pipeline $169 0.04
medium-bleed, turbine devices)
71 Practice enhanced directed inspection and maintenance at storage $23.14 Pipeline $188 <0.01
wells
72 Practice directed inspection and maintenance at production sites $25.88  Wellhead $213 0.02
73 Replace high-bleed pneumatic devices with low-bleed pneumatic $26.48 Pipeline $220 <0.01
devices (applies to transmission sector, low-bleed, turbine devices)
74 Install instrument air systems (in place of production sector, low- $27.06  Wellhead $226 0.04
bleed, continuous-bleed devices)
75  Use catalytic converters on compressor exhaust during normal $29.53 NA $246 <0.01
operations in the production and processing sector
76  Practice directed inspection and maintenance at surface facilities $40.03 Citygate $334 0.02
(applies to Reg. 40-100 psi.)
77 Replace high-bleed pneumatic devices with low-bleed pneumatic $44.18 Pipeline $381 <0.01
devices (applies to transmission sector, medium-bleed,
displacement devices)
78  Practice enhanced directed inspection and maintenance at surface $46.78 Citygate $396 0.01
facilities (applies to Reg. 40-100 psi.)
79  Reduce the recirculation rate on production sector glycol $50.64  Wellhead $441 <0.01
dehydrators with flash tanks with gas assisted pumps
80 Install instrument air systems (in place of production sector, low- $5256  Wellhead $458 <0.01
bleed, intermittent-bleed devices)
81 Install instrument air systems (in place of transmission sector, low- $76.41 Pipeline $674 <0.01
bleed, turbine devices)
82  Practice directed inspection and maintenance at U.S. gas wells on- $81.14  Wellhead $716 <0.01
shore
83  Use catalytic converters on compressor exhaust (applies to turbine $85.95 NA $760 <0.01
engines in the storage sector)
84 Install instrument air systems (in place of transmission sector, high- $91.34 Pipeline $810 <0.01
bleed, displacement devices)
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Exhibit I1-7: Schedule of Emission Reduction Options for 2010 (continued)

Break-Even Carbon Incrgme_:ntal
. : Base Gas ) Emission
Number Option Gas Price Price Tvpes Equivalent Reducti
($MMBtu) 1O TYPET e ey Reduction
(MMTCElyr)
85  Use catalytic converters on compressor exhaust (applies to turbine $94.63 NA $838 <0.01
engines in the transmission sector)
86  Practice directed inspection and maintenance at gate stations and $96.58 Citygate $849 <0.01
surface facilities (applies to Meter and Regulator stations < 100 psi)
87  Reduce the recirculation rate on production sector glycol $101 Wellhead $901 <0.01
dehydrators with flash tanks without gas assisted pumps
88  Practice enhanced directed inspection and maintenance at gate $113 Citygate $997 <0.01
stations and surface facilities (applies to Meter and Regulator
stations < 100 psi)
89  Practice enhanced directed inspection and maintenance at U.S. gas $126 Wellhead $1,127 <0.01
wells on-shore
90  Practice enhanced directed inspection and maintenance at gate $140 Citygate $1,247 <0.01
stations and surface facilities (R-vault > 300 psi)
91  Use electronic monitoring (Meter/Regulator stations < 100 psi) $186 Citygate $1,664 <0.01
92 Install instrument air systems (in place of transmission sector, $225 Pipeline $2,025 <0.01
medium-bleed, displacement devices)
93 Install flash tank separators on production-sector glycol dehydrators $232 Wellhead $2,087 <0.01
without gas-assisted pumps
94 Use plunger lift well (applies to U.S. on-shore wells) $260 Wellhead $2,341 <0.01
95  Replace high-bleed pneumatic devices with low-bleed pneumatic $318 Pipeline $2,872 <0.01
devices (applies to transmission sector, low-bleed, displacement
devices)
96  Practice directed inspection and maintenance at gate stations and $320 Citygate $2,882 <0.01
surface facilities (R-vault > 300 psi)
97  Practice directed inspection and maintenance at gate stations and $320 Pipeline $2,891 <0.01
surface facilities (M&R Farm Taps + Direct Sales)
98  Practice directed inspection and maintenance at production sites $415 Wellhead $3,755 <0.01
(Eastern on-shore, Appalachia non-associated gas wells)
99  Practice directed inspection and maintenance at production sites $415 Wellhead $3,755 <0.01
(Eastern on-shore north central non-associated gas wells)
100  Use catalytic converters on compressor exhaust (applies to LNG $479 NA $4,337 <0.01
compressor emissions from turbine engines)
101  Practice directed inspection and maintenance at transmission $527 Pipeline $4,771 <0.01
pipelines
102  Practice enhanced directed inspection and maintenance at $647 Wellhead $5,860 <0.01
production sites (Eastern on-shore, Appalachia non-associated gas
wells)
103  Practice enhanced directed inspection and maintenance at $646 Wellhead $5,860 <0.01
production sites (Eastern on-shore north central non-associated gas
wells)
104 Install instrument air systems (in place of transmission sector, low- $893 Pipeline $8,100 <0.01
bleed, displacement devices)
105  Practice directed inspection and maintenance at wells and other $1,229 Citygate $11,155 <0.01
similar facilities (applies to cast-iron mains)
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Exhibit I1-7: Schedule of Emission Reduction Options for 2010 (continued)

Break-Even Carbon Incrgme_:ntal
. : Base Gas . Emission
Number Option Gas Price . Equivalent .
(SMMBtU) Price Type?2 Value (§/TCE) Reduction
(MMTCElyr)
106  Use portable evacuation compressors (applies to production sector ~ $1,240 Wellhead $11,253 <0.01
pipeline blowdowns)
107  Practice enhanced directed inspection and maintenance at gate $1,248 Citygate $11,315 <0.01
stations and surface facilities (R-vault 100-300 psi)
108  Use plunger-lift wells (applies to Eastern on-shore, Appalachia non-  $1,330 Wellhead $12,075 <0.01
associated gas wells)
109  Use electric starter (applies to compressor starts in the production $1,536 Wellhead $13,942 <0.01
and processing sector)
110  Practice directed inspection and maintenance at gate stations and $2,313 Citygate $21,002 <0.01
surface facilities (R-vault 100-300 psi)
111  Practice directed inspection and maintenance at wells and other $2,662 Citygate $24,190 <0.01
similar facilities (applies to unprotected steel mains)
112 Practice directed inspection and maintenance at gate stations and $3,130 Citygate $28,434 <0.01
surface facilities (Reg. < 40 psi)
113 Practice enhanced directed inspection and maintenance at gate $3,658 Citygate $33,238 <0.01
stations and surface facilities (Reg. < 40 psi)
114 Practice directed inspection and maintenance at gate stations and $4,813 Citygate $43,735 <0.01
surface facilities (R-vault 40-100 psi)
115  Practice enhanced directed inspection and maintenance at gate $5,625 Citygate $51,122 <0.01
stations and surface facilities (R-vault 40-100 psi)
116  Use surge vessels to capture gas during compressor blowdowns in -~ $13,576 Wellhead $123,433 <0.01
the production sector
117  Practice directed inspection and maintenance in the transmission $43,155 Citygate $392,423 <0.01
sector (replace unprotected steel services)
118  Use surge vessels to capture gas during vessel blowdowns inthe ~ $656,849 Wellhead  $5,973,306 <0.01
production sector
2 Wellhead = $2.17/MMBtu, pipeline = $2.27/MMBtu, citygate = $3.27/MMBtu.
All prices are in real 1996 dollars.
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Appendix IV: Supporting Material for the

Analysis of Coal Mining

This appendix presents the coal mine data that EPA used to develop methane emission forecasts and to estimate
methane emission reduction costs. The exhibits are described below:

>

Exhibit 1V-1: Historical and Projected Coal Production. This exhibit details historic and
projected coal production data for surface and underground mines. These data underlie projections
of the quantity of methane liberated from coalbeds. Historical data are shown for the period 1990-
1997. Projected data are provided for the years 2000, 2005, 2010, 2015, and 2020.

Exhibit IV-2: Coal Mine Methane Liberation Estimates by Year. The estimates of methane
liberated from coal mining in 1997 are presented in this exhibit. Projections of methane liberated are
also provided, based on the production data in Exhibit IV-1. These estimates are the basis for
determining achievable and cost-effective emission reductions.

Exhibit IV-3: Coal Basin Recovery Efficiencies by Year. This exhibit summarizes the methane
recovery efficiencies by coal basin and by year. Methane recovery efficiencies vary by coal basin.
In addition, EPA assumes that the technology to recover methane will improve over time, leading to
increased methane recovery.

Exhibit IV-4: Cost Data and Assumptions Used in the Coal Mine Analysis.The assumptions
and data underlying the cost analysis of methane recovery and use techniques are summarized in this
exhibit. Data are arranged by type of cost (well, compression, processing, etc.) and option number.

Exhibit IV-5: Schedule of Emission Reduction Options for 2010. This exhibit provides a
schedule of emission reduction data by option and individual mine for 2010. Data include annual
coal production, liberated methane, projected "break-even" gas price, the value of carbon equivalent
($/TCE), and the cumulative amount of emissions reduced.
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Exhibit IV-1: Historical and Projected Coal Production (Million Short Tons)

Historical Projected

1990 1991 1992 1993 1994 1995 1996 1997 | 2000 2005 2010 2015 2020
Underground 425 407 407 351 399 396 410 421 | 427 482 510 537 552
Surface 605 589 500 504 634 636 654 660 | 718 725 756 789 824
Total Production 1,029 996 998 945 1034 1033 1064 1090 |1145 1207 1265 1326 1376
Underground A% 41% 41% 3% 3% 3%  39%  39% | 37% 40%  40%  41% 40%
(% of Total)
Surface

59% 50%  50%  63%  61% 6%  61% 61% | 63% 60% 60%  59% 60%
(% of Total)

Source: EIA, 1998a and 1998b.

Exhibit IV-2: Coal Mine Methane Liberation Estimates by Year

Total Methane Liberated

Methane Liberated from

Underground Mining

Year (MMcf) Underg(l;\(/l)ll\Jﬂr::cfi)Mlmng (% of Total)

1997 212,312 153,203 722

2000 217,142 155,570 716

2005 241501 175,490 727

2010 254,966 185,614 728

2015 268,377 195,592 729

2020 276,454 201,091 727

MMcf = million cubic feet

Source: Projections based on EPA, 1999a, and EIA, 1998b.

Exhibit IV-3: Coal Basin Recovery Efficiencies by Year

Basin 1997 2000 2005 2010 2015 2020
Warrior 45.0% 45.0% 47.5% 50.0% 52.5% 55.0%
Illinois 50.0% 50.0% 52.5% 55.0% 57.5% 60.0%
Northern Appalachian 55.0% 55.0% 57.5% 60.0% 62.5% 65.0%
Central Appalachian 55.0% 55.0% 57.5% 60.0% 62.5% 65.0%
Western 50.0% 50.0% 52.5% 55.0% 57.5% 60.0%

Source: Experience with existing coal mine methane projects, and EPA, 1997b.
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Exhibit IV-4: Cost Data and Assumptions Used in the Coal Mine Analysis

Cost Item Number or Size of Units Needed Cost Per Unit
Costs for Wells

Vertical Well Option 1: 1 well for every 250,000 tons of coal mined $150,000/well
Option 2: 1 well for every 1 million tons of coal mineda

Gob Wells Option 1: 1 well for every 500,000 tons of coal mined $30,000/well
Option 2: 1 well for every 1 million tons of coal mineda

In-Mine Boreholes Option 1: 1 well for every 500,000 tons of coal mined $75,000/well
Option 2: 1 well for every 1 million tons of coal mineda

Well Water Disposal Costs (Vertical 1 barrel of water is produced per Mcf (thousand cubic feet) of gas  $0.50 per barrel

Wells Only) produced per year

Compression Costs

Wellhead Compressor

Satellite Compressor
Sales Compressor

1 per well at 200 HP/MMcfd

1 per project at 150 HP/MMcfd
1 per project at 150 HP/MMcfd

Capital costs:
$600/HP; O&M
costs: $20/HP

Gathering Lines from Wellhead to Length of gathering lines from each well to satellite = 2000 ft $10/ft

Satellite

Gathering Lines from Satellite to Length of gathering lines from satellite to point of end-use = $15/ft

Point of End-Use 26,400 ft (5 miles)

Cost of Moving Gathering Lines $5/ft per year

Gas Processing Costs

Dehydrator 1 per project Capital Cost:
$40,000; O&M
cost: $3,000

Gas Enrichment (Fixed Capital Required for Option 2 only $1,888,500

Cost) $/project

Gas Enrichment (Variable Capital Required for Option 2 only $526,000

Cost) $MMCFD

Gas Enrichment (Fixed Annual Required for Option 2 only $132,000

Operating Cost) $/year

Gas Enrichment (Operating Cost Required for Option 2 only $37,167

Based on Maximum Gas
Production) $MMCFD

Oxidizer Costs

Oxidizer (Without Electricity
Generation)

Option 3 only

Capital Cost: $6.2

million; O&M costs:

$541,7400

2 Option 1 is degasification and pipeline injection. Option 2 is degasification and pipeline injection incremental to Option 1. Option 3 is

catalytic oxidation.

b Costs are for a system capable of handling 211,860 scf/min of ventilation air at 0.5% methane; for each mine, the cost was scaled based on

the mine’s flow rate relative to 211,860 scf/min.
Source: EPA 1997a, b, and c; CANMET, 1998.
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Exhibit IV-5: Schedule of Emission Reductions for 2010

_ _ Proggiiion Totgl Methane Break-Even Additional Value .Cu.mulative.
Mine Name Optiona (MM short Liberated Cost of Methane ~ Emissions Avoided
tonsiyr) (MMcflyr) ($/MMBtu) ($/TCE) (MMTCE/yr)

VP No. 8 1 1.60 13,237 0.47 (18.69) 0.87
VP No. 3 1 2.69 11,919 0.52 (18.23) 1.66
Blue Creek No. 5 1 1.44 7,352 0.54 (18.05) 2.06
Blue Creek No. 7 1 317 13,953 0.54 (18.05) 2.83
Buchanan No. 1 1 5.26 18,523 0.54 (18.05) 4.05
Blue Creek No. 4 1 2.75 10,296 0.57 (17.78) 4.62
Blue Creek No. 3 1 2.78 8,736 0.60 (17.51) 5.10
Pinnacle No.50 (Gary) 1 6.46 7,135 0.84 (15.32) 5.57
Oak Grove 1 3.17 4,460 0.85 (15.23) 5.82
Blacksville No. 2 1 418 6,281 113 (12.69) 6.23
VP No. 8 2 1.60 13,237 141 (10.14) 6.52
Sanborn Creek 1 1.94 3,121 1.54 (8.96) 6.71
Blue Creek No. 7 2 3.17 13,953 1.60 (8.41) 7.02
Buchanan No. 1 2 5.26 18,523 1.63 (8.14) 7.42
VP No. 3 2 2.69 11,919 1.64 (8.05) 7.69
Blue Creek No. 4 2 2.75 10,296 1.77 (6.87) 7.91
Blue Creek No. 5 2 1.44 7,352 1.79 (6.68) 8.07
Enlow Fork 1 10.15 7,135 1.88 (5.87) 8.55
Shoal Creek 1 4.86 1,976 1.90 (5.68) 8.65
Emerald No. 1 1 5.85 4,091 191 (5.59) 8.92
Blue Creek No. 3 2 2.78 8,736 1.94 (5.32) 9.12
Cumberland 1 7.71 5,004 2.01 (4.68) 9.45
Maple Meadow 1 1.28 1,370 2.03 (4.50) 9.54
Federal No. 2 1 5.32 3,347 2.09 (3.96) 9.76
Bailey 1 9.11 5,093 2.26 (2.41) 10.09
Loveridge No. 22 1 5.82 2,992 245 (0.68) 10.29
Mine 84 1 5.80 4,028 2.66 1.23 10.56
Soldier Canyon 1 1.39 1,164 2.66 1.23 10.63
Dilworth 1 5.38 2,506 2.67 1.32 10.79
Blacksville No. 2 2 418 6,281 2.77 2.23 10.93
Roadside North Portal 1 0.52 483 2.84 2.86 10.96
Sentinel Mine 1 1.39 973 2.86 3.05 11.02
Galatia Mine No. 56-1 1 6.03 4,094 2.92 3.59 11.27
Robinson Run No. 95 1 5.79 2,272 3.09 5.14 11.42
Oak Grove 2 3.17 4,460 KNI 5.32 11.52
Pinnacle No.50 (Gary) 2 6.46 7,135 3.14 5.59 11.68
Sanborn Creek 2 1.94 3,121 3.33 7.32 11.74
West Elk Mine 1 6.93 3,975 3.37 7.68 11.99
McClure No. 2 Mine 1 0.44 306 3.56 9.41 12.01
Bowie #1 Mine 1 0.92 506 4,01 13.50 12.04
Tanoma 1 0.65 350 4.03 13.69 12.06
Enlow Fork 2 10.15 7,135 411 14.41 12.22
Aberdeen 1 2.27 1,077 4,18 15.05 12.28
Boone No. 1 1 1.03 586 4.19 15.14 12.31
Bay Beck Mine 1 1.19 552 4.20 15.23 12.35
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Exhibit IV-5: Schedule of Emission Reductions for 2010 (continued)

Coal

_ _ Production Totgl Methane Break-Even  Additional Value .Cqmulative.
Mine Name Optiona (MM short Liberated Cost of Methane ~ Emissions Avoided
tonsiyr) (MMcflyr) ($/MMBtu) ($/TCE) (MMTCElyr)
Emerald No. 1 2 5.85 4,001 4.54 18.32 12.44
Brushy Creek Mine 1 1.07 501 4.56 18.51 12.47
Cumberland 2 7.71 5,004 457 18.60 12.58
Mine 84 2 5.80 4,028 458 18.69 12.67
McElroy 1 6.48 2,415 4.59 18.78 12.83
Galatia Mine No. 56-1 2 6.03 4,094 4.63 19.14 12.92
Shoemaker 1 5.79 2,111 4.70 19.78 13.06
North River 1 241 1,035 4.98 22.33 13.11
Bailey 2 911 5,093 5.03 22.78 13.23
Federal No. 2 2 5.32 3,347 5.06 23.05 13.30
Pattiki Mine 1 243 918 5.13 23.69 13.36
West Elk Mine 2 6.93 3,975 5.16 23.96 13.44
Wabash Mine 1 1.92 711 5.32 25.42 13.49
Urling No. 1 Mine 1 0.73 271 5.50 27.05 13.50
Maple Meadow 2 1.28 1,370 5.55 27.51 13.53
Maple Creek 1 2.27 711 5.63 28.24 13.58
All Mines 3 5.79 29.70 20.00

a QOption 1 is degasification and pipeline injection. Option 2 is degasification and pipeline injection incremental to Option 1. Option 3 is

catalytic oxidation.
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Appendix V. Supporting Material for the
Analysis of Livestock Manure
Management

In this appendix, EPA presents additional information to further explain selected components of the
emission and emission reduction analysis for methane from livestock manure, presented in Chapter 5.
These areas are: (1) the emission estimation methodology, (2) the specific project costs for anaerobic
digester based methane recovery and utilization systems, and (3) uncertainties.

V.l Methodology for Estimating Methane Emissions from
Livestock Manure Management

EPA uses the following approach to estimate methane emissions from livestock manure. This approach
calculates emissions based on the type and quantity of the manure, the characteristics of the manure
management system, and the climatic conditions in which the manure decomposes. As livestock farms
often use several systems to manage manure and each system usually has a different potential for
generating methane, several calculations may be necessary.

The methane emission relationship is shown below:

CH,= S5 "8 7St Manure; - MFy - VS, - By, - MCF,
j k

where CH = Methane generated {ilay)
Manurg = Total manure produced by animal tyjpe state (Ibs/day)
MFij = Percent of manure managed by syskedior animal typg in state
VS; = Percent of manure that is volatile solids for animal fyipestatei
B = Maximum methane potential of manure for anijn@*/Ib volatile solids)
MCF; = Methane conversion factor for systérm statel

Each factor in the emission analysis is determined as follows:

Manure Production. The amount of manure generated depends on the type, number, and size of the
animals. The U.S. Department of Agriculture (USDA) publishes detailed state-level population data for
each year. These livestock data are used with published manure production characteristics (Exhibit V-1)
to determine manure generation for each livestock category.

Manure Management Systems The manner in which manure is managed determines whether it
generates methane. Manure management use for swine and dairy cattle are determined using the latest
livestock population survey conducted by the U.S. Department of Commerce (USDC, 1995). The census
survey, conducted for 1992, includes population data by farm size. This distribution is used to determine
manure management system usage -- larger farms (500 or more dairy cows, 1,000 or more swine) were
assumed to use liquid systems, and smaller farms are assumed to use dry systems. For all other animal
types, manure management system use figures published by EPA (Safely, et al., 1992) are used. These
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data, collected from livestock manure management experts in each state, estimate the fraction of manure
managed using the most common manure management systems.

Manure Characteristics. EPA documents livestock and manure characteristics in Safely, et al., (1992),
which are industry standards in the design of livestock specific manure management systems. The
methane potential for manure jBsalues are based on laboratory measurements where the maximum
amount of methane that can be generated by manure is measured. Volatile solids (VS) production values
are published annually by the American Society of Agricultural Engineers (ASAE, 1995). Exhibit V-1
presents values for dairy cattle and swine.

Methane Conversion Factors The methane conversion factor (MCF) data for each of the manure
systems in the different climates are based on field and laboratory measurements. The data for lagoons
and ponds are based on measurements at dairy and hog lagoons conducted continuously over several
years! The MCF data for the other systems are based on laboratory measurements conducted at Oregon
State University (Hashimoto and Steed, 1992). Exhibit V-2 lists typical values for dairy and swine
manure and the most common manure management systems. A typical large dairy will manage up to half
the manure using liquid systems, whereas a typical large swine farm will manage almost all the manure
using liquid systems.

Exhibit V-1: Manure Characteristics Exhibit V-2: Methane Conversion Factors (MCF)
Weight Manure  VS% Bo Warm  Temperate  Cool
(Ibs)  (Ibs/day) 0C 20C 10C

Dairy Liquid/Slurry 65 35 10
Mik cow 1,400 112 7 3.8 Pits < 30 days retention 0.1 0.2 0.4
Drycow 1,300 107 1 38 Pits > 30 days retention 0.2 04 0.8
Heifers 900 77 6 38 Tanks 0.2 0.4 0.8
Calves 500 43 6 3.8 Pasture, Range .02 015 .01

Swine Drylots, Corrals .05 .015 .01
Sow 400 24 9 58 Daily Spread .01 .005 .0001
Nursery 30 3.2 8 7.5 Average Annual MCF
Grower 70 4.4 9 7.5 Anaerobic Lagoons .90
Finisher 180 114 9 75 Litter 10

Source: Safley, et al., 1992. Deep Pit Stacking .05

Source: EPA, 1993; Hashimoto and Steed, 1992.

T Over the course of several years, Dr. Lawson Safley at North Carolina State University monitored the amount of methane
generated by a covered lagoon used to manage dairy manure. In addition to monitoring methane, Dr. Safley recorded the air
temperature and lagoon temperature and the characteristics of the wastewater entering and leaving the lagoon. These data were
then used to create a model called Lagmet that estimates methane generation based on wastewater characteristics, temperature,
and lagoon design. In addition to Dr. Safley’s measurements, additional data were collected by Hashimoto and Steed (1992)
from lagoons in other parts of the country.
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V.2 Anaerobic Digester Technology System Costs

Emission reductions were determined by analyzing the methane recovery opportunities at dairy and
swine farms. Methane recovery system costs for each Anaerobic Digestion Technology (ADT) from
EPA (1997a) are displayed in Exhibits V-3 through V-5. All costs are in 1996 US$.

Exhibit V-3: Livestock Manure Methane Recovery and Utilization Costs - Covered Anaerobic Digester
Component Unit Costs

Lagoon Costs Utilization Equipment Costs
Component Cost Component Cost
Excavation ($/yd) $1.75 Electricity gen w/heat rec ($/kW cap) $750
Attachment wall ($/yd) $200 Electricity gen O&M ($/kWh produced) $0.015
Pipe and influent box $1,700 Electricity gen building ($/unit) $10,000
Soil test $1,200 Switch gear ($/unit) $5,000
Foam trap $75 Boiler cost ($/unit) $10,000
Very high durability cover material ($/ft2) $0.85 Boiler shed ($/unit) $3,500
Cover install labor ($/ft2) $0.35 Chiller ($/ton cap) $1,050
Flare ($/unit) $1,500
Gas Handling Costs Labor and Services Costs
Component Cost Component Cost
Gas filter ($/unit) $700 Labor crew ($/hr) $150
Gas pump ($/unit) $900 Engineering ($/job) $25,000
Gas meter ($/unit) $800 Backhoe ($/hr) $60
Gas pressure regulator ($/unit) $500
J-trap ($/unit) $100 Pipe Costs
Manhole ($/unit) $300 Component Cost
Manometer ($/unit) $500 2 in. Diameter PVC pipe ($/ft) $1.00
3 in. Diameter PVC pipe ($/ft) $1.50
4 in. Diameter PVC pipe ($/ft) $2.00
6 in. Diameter PVC pipe ($/ft) $2.25
7 in. Diameter PVC pipe ($/ft) $4.00
Typical Project Costs (including labor)
500 cow dairy (CA) 1000 sow swine farm (NC)
Lagoon Costs $42,579 Lagoon Costs $14,400
Gas Handling Costs $2,380 Gas Handling Costs $2,380
Piping Costs $3,306 Piping Costs $3,306
Utilization Equipment Costs $57,306 Utilization Equipment Costs $27,925
Engineering Costs $25,000 Engineering Costs $25,000
TOTAL $135,571 TOTAL $73,011

Source: EPA, 1997a.
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Exhibit V-4: Livestock Manure Methane Recovery and Utilization Costs: Plug Flow Digester

Plug-Flow Digester Component Unit Costs

Plug Flow Digester Costs

Utilization Equipment Costs

Component Cost Component Cost
Excavation ($/yd) $1.75 Electricity gen ($/kW cap)* $750
Concrete tank & foundation ($/yd) $225 Electricity gen O&M ($/kWh produced) $0.02
Curb & grade beam ($/yd) $6 Electricity gen building ($/unit) $10,000
Pipe and influent box ($) $800 Switch gear ($/unit) $5,000
Digester insulation ($/panel) $28 Flare ($/unit) $1,500
Very high durability cover material ($/ft?) $0.85

Cover install labor ($/ft?) $0.35 * Includes heat recovery

Foam liner protector ($/ft) $1.25

Separator ($) $50,000

Hot Water Transmission Costs Labor and Services Costs

Components Component Cost
Trench/sand/liner ($/ft) $2.3 Labor crew ($/hr) $150
Manometer ($) $500 Engineering ($/job) $25,000
Hot water pipe ($/ft) $35 Backhoe ($/hr) $60
Gas Handling Costs Pipe Costs

Components Cost Component Cost
Gas filter ($/unit) $700 2 in. Diameter PVC pipe ($/ft) $1.00
Gas pump ($/unit) $900 3in. Diameter PVC pipe ($/ft) $1.50
Gas meter ($/unit) $800 4 in. Diameter PVC pipe ($/ft) $2.00
Gas pressure regulator ($/unit) $500 6 in. Diameter PVC pipe ($/ft) $2.25
J-trap ($/unit) $100 7 in. Diameter PVC pipe ($/ft) $4.00
Manhole ($/unit) $300

Manometer ($/unit) $500

Typical Project Costs for a 500 Cow Dairy - California (including labor)

Digester Costs

Hot Water & Gas Handling Costs

Piping Costs
Solid Separator

Utilization Equipment Costs
Engineering Costs

TOTAL

$58,721
$2,804
$1,163
$50,000
$70,869
$25,000
$198,557

Source: EPA, 1997a.
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Exhibit V-5: Livestock Manure Methane Recovery and Utilization Costs: Complete Mix Digester

Complete-Mix Digester Component Unit Costs

Complete Mix Digester Costs

Utilization Equipment Costs

Component Cost Component Cost
Excavation ($/yd) $1.75 Electricity gen ($/kW cap)* $750
Concrete tank & foundation ($/yd) $225 Electricity gen O&M ($/kWh produced) $0.02
Curb & grade beam ($/ft) $6 Electricity gen building ($/unit) $10,000
Pipe and influent box ($) $1,700 Switch gear ($/unit) $5,000
Pipeffit/rack/labor ($/ft3 digester volume) $.10 Flare ($/unit) $1,500
Very high durability cover material ($/ft?) $0.85
Cover install labor ($/ft?) $0.35 * Includes heat recovery
Hot Water Transmission Costs Labor and Services Costs
Component Component Cost
Trench/sand/liner ($/ft) $2.3 Labor crew ($/hr) $150
Manometer ($) $500 Engineering ($/job) $25,000
Hot water pipe ($/ft) $3.5 Backhoe ($/hr) $60
Gas Handling Costs Pipe Costs
Component Cost Component Cost
Gas filter ($/unit) $700 2 in. Diameter PVC pipe ($/ft) $1.00
Gas pump ($/unit) $900 3in. Diameter PVC pipe ($/ft) $1.50
Gas meter ($/unit) $800 4 in. Diameter PVC pipe ($/ft) $2.00
Gas pressure regulator ($/unit) $500 6 in. Diameter PVC pipe ($/ft) $2.25
J-trap ($/unit) $100 7 in. Diameter PVC pipe ($/ft) $4.00
Manhole ($/unit) $300
Manometer ($/unit) $500
Typical Project Costs for a 1,000 Head Swine Farm —North Carolina (including labor)
Complete Mix Digester Costs $22,137
Gas Handling Costs $2,804
Piping Costs $1,163
Utilization Equipment Costs $36,000
Engineering Costs $25,000
TOTAL $87,104
Source: EPA, 1997a.
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V.3 Uncertainty

This section summarizes uncertainties in the emission reduction analysis. Exhibit V-6 displays the
uncertainty level as well as the basis for the uncertainty.

Exhibit V-6: Summary of Emission Reduction Uncertainties

Uncertainty Basis

Livestock Demographics Latest existing farm-size distribution data is for 1992. Shifts in both dairy and swine
populations towards larger facilities is not reflected.

Effectiveness of Methane These technologies have been applied on dairy and swine farms throughout the country for

Recovery Technologies over two decades.

Value of Methane Recovered

Facility Energy Costs Energy rates vary by utility and within each state. Forecasts assume constant costs.

Restructuring of utility industry may affect rates.

Non-Monetary Benefits (odor,  Value is difficult to quantify. Recent projects at swine farms have been initiated primarily to
pollution, etc.) reduce odor.

Methane Recovery Costs

Project Development/ Information based on current projects and industry experts. Site-specific factors can influence
Construction Costs costs of individual projects.
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Appendix VI. Supporting Material for the
Analysis of Enteric
Fermentation

This appendix provides additional information regarding the methods used to estimate emissions from
livestock enteric fermentation. Methane emissions associated with enteric fermentation from the U.S.
population of cattle, sheep, goats, pigs and horses are estimated. The estimates primarily depend on the
livestock population and associated emission factors.

The first section describes the livestock population and presents population data used to estimate 1997 emissions
from livestock enteric fermentation. The second section presents and describes the emission factors used for the
1997 emission estimates.

V1.1 Population Data

This section provides the population data used to estimate 1997 methane emissions from livestock enteric fer-
mentation. In addition, this section elaborates on the three main beef industry sectors. The U.S. Department of
Agriculture (USDA) collects population data at the state level annually. Population data from 1997 for cattle,
sheep, goats and pigs are presented in Exhibit VI-1. Cattle population data are broken down beyond the national
level to account for variation in management practices and type of feed throughout the country. Because these
factors affect methane emissions and are highly variable, breaking the population down into groups improves the
accuracy of the analysis. The animal groups are presented and described in Exhibit VI-2.

EPA divides the beef population into three main categories to account for different animal and feed characteristics.
The three main beef sectors are the cow-calf, stocker (backgrounding), and feedlot sectors.

> Cow-Calf Sector. In the cow-calf sector, calves feed on their mother’s milk for two to three months,
after which they start a diet of milk and forage. Calves are simulated to start producing methane at 165
days, and are weaned at 205 days.

> Stocker Sector. Following the cow-calf sector, most calves enter the stocker sector, during which
they consume primarily forages. Animals are placed in the stocker phase to increase their weight be-

Exhibit VI-1: Animal Population Sizes for 1997

Animal Type Population (000)  Animal Type Population (000)
Mature Dairy Cows 9,304 Yearlings 22,767
Dairy Replacement Heifers (0-12 Months) 3,828 Bulls 2,320
Dairy Replacement Heifers (12-24 Months) 3,828 Sheep 7,607
Mature Beef Cows 34,486 Goats 2,295
Beef Replacement Heifers (0-12 Months) 5,678 Horses 6,150
Beef Replacement Heifers (12-24 Months) 5,678 Pigs 58,671
Weanlings 5,692

Source: FAO, 1998; USDA, 1997 and 1998a-d.
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fore being placed in the feedlot. Animals going through stockering are called Yearlings (see Ex-
hibit VI-2).

> Feedlot Sector. Approximately 20 percent of the calves from the cow-calf sector enter the feedlot
sector directly after they are weaned at about 205 days. These animals are called Weanlings (see Ex-
hibit VI-2). The remaining calves (Yearlings) go through the stocker sector before entering the
feedlot. Once in the feedlot, animals consume a high energy, high protein diet until they reach
slaughter weight.

Exhibit VI-2: Animal Groups and Animal Characteristics

Initial Final Initial Final
Animal Type Weight ~ Weight  Age Age Other Characteristics
kg) kg)  (days) (days)

Dairy Replacement 170 285 165 365 Calves feed on milk for first several months, a mixture of

Heifers 0-12 Months milk and forage from 60-90 days, and are weaned at 205
days, after which they consume all forage.

Dairy Replacement 285 460 365 730 Dairy replacements are simulated to give birth at about 24

Heifers 12-24 Months months, and to increase in body weight to the size of a Holstein
cow, i.e., 550 kg.

Beef Replacement 165 270 165 365 Calves feed on milk for first several months, a mixture of

Heifers 0-12 Months milk and forage from 60-90 days, and are weaned at 205
days, after which they consume all forage.

Beef Replacement 270 390 365 730 Beef replacements are simulated to give birth at about 24

Heifers 12-24 Months months.

Yearling System 170 480 165 565 Yearling system steers and heifers enter and leave the back-
grounding phase at 165 and 425 days of age, respectively.
Subsequently, they spend 140 days in the feedlot.

Weanling System 170 480 165 422 Weanling system steers and heifers enter the feedlot at 165
days, and are simulated to stay in the feedlot for 422 days.

Dairy Cows 550 550 365 730 Mature dairy cows produce milk for 305 days, followed by a 60
day dry period. They are simulated to give birth at end of 60 day
dry period.

Beef Cows 450 450 365 730 Mature beef cows produce milk for 205 days, and produce less
milk than mature dairy cows.

Beef Bulls 650 650 365 730 Beef hulls are simulated to lose weight during the 90 day breed-

ing period, and to gain weight during the rest of the year.

Note: Dairy bulls are not included in the inventory because the dairy bull population is small.
Source: EPA, 1993a.

V1.2 Emission Factors

EPA uses emission factors specific to each animal type. These factors are based on research data and expert
opinion. This section presents the factors for cattle and sheep, goats, pigs, and horses.

Cattle. The emission factors for beef and dairy cattle are presented in Exhibit VVI-3 and Exhibit VI-4, respectively.
Emission factors are developed using the model by Baldwin, et al. (1987a-b).
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EPA uses diets in the model developed by Baldwin, et al. (1987 a-b) to estimate emissions from cattle. To account
for differences in diets throughout the U.S., thirty-two different diets are defined by EPA (1993a). Fourteen diets
are defined for dairy cattle, including six for dairy cows and four each for replacement heifers 0-12 months and 12-
24 months. The eighteen beef cattle diets include three each for beef cows, replacement heifers 0-12 months,
Weanling System heifers and steers, and Yearling System heifers and steers. Four diets are defined for beef re-
placement heifers 12-24 months, and two diets are defined for beef bulls. EPA (1993a) provides a breakdown of
the diets by region.

Exhibit VI-3: Emission Factors for Beef Cattle (kg/hd/yr)

Animal North South North Central South West
Atlantic Atlantic Central

Replacement Heifers (0-12) Months 19.2 22.7 204 23.6 22.7

Replacement Heifers (0-24) Months 63.8 67.5 60.8 67.7 64.8

Mature Cows 61.5 70.0 59.5 70.9 69.1

Weanlings - - 22.6 24.0 235

Yearlings - - 47.0 47.6 47.6

Bulls - - - - 100.0

kg/hd/yr = kilograms per head per year

Source: EPA, 1993a.

Exhibit VI-4: Emission Factors for Dairy Cattle (kg/hd/yr)

Animal North South North Central South West
Atlantic Atlantic Central

Replacement Heifers (0-12) Months 19.5 20.5 18.9 20.3 20.7

Replacement Heifers (0-24) Months 58.4 58.7 574 61.7 61.2

Mature Cows 125.8 136.5 111.8 120.5 139.4

Note: Emission factors for mature dairy cows change annually according to milk production. Mature dairy cow emission factors are for
1997.

Source: EPA, 1993a.

With the exception of mature dairy cows, the emission factors for cattle have remained unchanged since those re-
ported by EPA in 1993 (EPA, 1993a). Methane emission estimates from dairy cattle are adjusted annually to re-
flect increases in milk production per cow. Emission estimates are altered according to milk production levels
because milk production is related to feed intake, which influences methane production.

Sheep, Goats, Pigs, and Horse#\verage emission factor estimates are from Crutzen, et al. (1986), who devel-
oped emission factors for developed and developing countries. These emission factors are shown in Exhibit VI-5.
For this analysis, emission factors for developing countries are used. Typical animal size, feed intakes, and feed
characteristics are considered in the estimates. Emission factors have not been developed for the U.S., specifically,
because emissions from non-cattle are small relative to emissions from cattle.
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Exhibit VI-5: Emission Factors for Sheep, Goats, Pigs, and Horses (kg/hd/yr)

Animal Emission Factor
Sheep 8.0
Goats 5.0
Pigs 15
Horses 18.0

Source: Crutzen, et al., 1986; EPA, 1993a.
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